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 ﾠ
The	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠcircuits	
 ﾠhas	
 ﾠbecome	
 ﾠa	
 ﾠrelevant	
 ﾠissue	
 ﾠfor	
 ﾠthe	
 ﾠelectronic	
 ﾠindustry.	
 ﾠDue	
 ﾠ
to	
 ﾠfactor	
 ﾠlike	
 ﾠminiaturization,	
 ﾠthe	
 ﾠelectric	
 ﾠfield	
 ﾠapplied	
 ﾠon	
 ﾠthe	
 ﾠsystem	
 ﾠand	
 ﾠcontamination,	
 ﾠthe	
 ﾠcorrosion	
 ﾠ
and	
 ﾠclimatic	
 ﾠeffects	
 ﾠrelated	
 ﾠfailures	
 ﾠin	
 ﾠelectronics	
 ﾠhave	
 ﾠbecome	
 ﾠtopics	
 ﾠof	
 ﾠintense	
 ﾠresearch.	
 ﾠThe	
 ﾠspread	
 ﾠof	
 ﾠ
electronic	
 ﾠproducts	
 ﾠand	
 ﾠtheir	
 ﾠcomplexity	
 ﾠhas	
 ﾠdramatically	
 ﾠincreased,	
 ﾠand	
 ﾠthey	
 ﾠsurround	
 ﾠeveryday	
 ﾠlife,	
 ﾠas	
 ﾠ
well	
 ﾠ as	
 ﾠ advanced	
 ﾠ applications	
 ﾠ and	
 ﾠ products.	
 ﾠ The	
 ﾠ propensity	
 ﾠ of	
 ﾠ electronic	
 ﾠ devices	
 ﾠ to	
 ﾠ fail	
 ﾠ is	
 ﾠ greatly	
 ﾠ
dependent	
 ﾠon	
 ﾠthe	
 ﾠenvironmental	
 ﾠconditions	
 ﾠwherein	
 ﾠthey	
 ﾠare	
 ﾠoperating	
 ﾠand	
 ﾠthe	
 ﾠtype	
 ﾠand	
 ﾠlevels	
 ﾠof	
 ﾠ
contamination	
 ﾠpresent.	
 ﾠThe	
 ﾠprocess	
 ﾠrelated	
 ﾠsolder	
 ﾠflux	
 ﾠresidues	
 ﾠis	
 ﾠan	
 ﾠissue	
 ﾠof	
 ﾠgreat	
 ﾠconcern	
 ﾠdue	
 ﾠto	
 ﾠtheir	
 ﾠ
hygroscopic	
 ﾠbehavior	
 ﾠwhich	
 ﾠattracts	
 ﾠhumidity	
 ﾠcreating	
 ﾠa	
 ﾠconductive	
 ﾠmoisture	
 ﾠlayer	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠsurface.	
 ﾠ
“No-ﾭ‐clean”	
 ﾠ flux	
 ﾠ types	
 ﾠ are	
 ﾠ commonly	
 ﾠ employed	
 ﾠ as	
 ﾠ their	
 ﾠ residues	
 ﾠ should	
 ﾠ totally	
 ﾠ decompose	
 ﾠ during	
 ﾠ
soldering	
 ﾠ requiring	
 ﾠ no	
 ﾠ post-ﾭ‐cleaning	
 ﾠ processes.	
 ﾠ It	
 ﾠ occurs	
 ﾠ however	
 ﾠ that,	
 ﾠ due	
 ﾠ to	
 ﾠ trapping	
 ﾠ between	
 ﾠ
components	
 ﾠor	
 ﾠdifferent	
 ﾠthermal	
 ﾠprofiled,	
 ﾠthat	
 ﾠflux	
 ﾠresidues	
 ﾠremain	
 ﾠon	
 ﾠthe	
 ﾠPCB,	
 ﾠthus	
 ﾠcompromising	
 ﾠthe	
 ﾠ
reliability.	
 ﾠ
	
 ﾠ
Weak	
 ﾠorganic	
 ﾠacids	
 ﾠare	
 ﾠcommonly	
 ﾠemployed	
 ﾠas	
 ﾠactivators	
 ﾠin	
 ﾠsolder	
 ﾠflux	
 ﾠsystems.	
 ﾠThese	
 ﾠacids	
 ﾠare	
 ﾠcapable	
 ﾠ
of	
 ﾠreacting	
 ﾠwith	
 ﾠthe	
 ﾠoxide	
 ﾠlayers	
 ﾠon	
 ﾠthe	
 ﾠPCB,	
 ﾠremoving	
 ﾠit	
 ﾠfrom	
 ﾠthe	
 ﾠmetals	
 ﾠsurfaces,	
 ﾠeasing	
 ﾠthe	
 ﾠsolder	
 ﾠ
process.	
 ﾠAdipic,	
 ﾠmalic,	
 ﾠsuccinic	
 ﾠand	
 ﾠglutaric	
 ﾠacid	
 ﾠare	
 ﾠthe	
 ﾠmost	
 ﾠfrequent	
 ﾠactivators	
 ﾠin	
 ﾠ“No-ﾭ‐clean”	
 ﾠflux	
 ﾠ
types.	
 ﾠThey	
 ﾠshould	
 ﾠbe	
 ﾠable	
 ﾠto	
 ﾠvaporize	
 ﾠas	
 ﾠa	
 ﾠresult	
 ﾠof	
 ﾠthermal	
 ﾠexposure	
 ﾠduring	
 ﾠsoldering,	
 ﾠminimizing	
 ﾠthe	
 ﾠ
presence	
 ﾠof	
 ﾠresidues.	
 ﾠ
	
 ﾠ
This	
 ﾠstudy	
 ﾠinvestigates	
 ﾠthe	
 ﾠeffects	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠweak	
 ﾠorganic	
 ﾠacids	
 ﾠon	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠPCBAs.	
 ﾠ
Polarization	
 ﾠcurves	
 ﾠon	
 ﾠtin	
 ﾠwith	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠare	
 ﾠfollowed	
 ﾠby	
 ﾠreliability	
 ﾠ
studies	
 ﾠin	
 ﾠterms	
 ﾠof	
 ﾠleakage	
 ﾠcurrents	
 ﾠand	
 ﾠelectrochemical	
 ﾠmigration.	
 ﾠThese	
 ﾠeffects	
 ﾠhave	
 ﾠbeen	
 ﾠstudied	
 ﾠ
under	
 ﾠcondensing,	
 ﾠnear-ﾭ‐condensing	
 ﾠand	
 ﾠfull	
 ﾠcondensing	
 ﾠconditions.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis,	
 ﾠa	
 ﾠnumber	
 ﾠof	
 ﾠ
seven	
 ﾠ flux	
 ﾠ systems	
 ﾠ containing	
 ﾠ one	
 ﾠ of	
 ﾠ the	
 ﾠ four	
 ﾠ WOAs	
 ﾠ as	
 ﾠ activator	
 ﾠ has	
 ﾠ been	
 ﾠ tested	
 ﾠ regarding	
 ﾠ the	
 ﾠ
possibility	
 ﾠof	
 ﾠelectrochemical	
 ﾠmigration.	
 ﾠThe	
 ﾠresults	
 ﾠwere	
 ﾠthen	
 ﾠinterpreted	
 ﾠin	
 ﾠterms	
 ﾠof	
 ﾠphysical	
 ﾠand	
 ﾠ
chemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs.	
 ﾠThe	
 ﾠconcentrations	
 ﾠused	
 ﾠhave	
 ﾠbeen	
 ﾠselected	
 ﾠin	
 ﾠregards	
 ﾠto	
 ﾠ1.56	
 ﾠ
NaCl	
 ﾠμg/cm
2	
 ﾠstated	
 ﾠin	
 ﾠIPC	
 ﾠJ-ﾭ‐STD-ﾭ‐001D	
 ﾠstandard.	
 ﾠ
	
 ﾠ
The	
 ﾠresults	
 ﾠof	
 ﾠthis	
 ﾠstudy	
 ﾠshowed	
 ﾠthe	
 ﾠimportance	
 ﾠof	
 ﾠknowing	
 ﾠthe	
 ﾠkind	
 ﾠand	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠthe	
 ﾠweak	
 ﾠ
organic	
 ﾠacid	
 ﾠwhich	
 ﾠis	
 ﾠthe	
 ﾠactivator	
 ﾠin	
 ﾠa	
 ﾠsolder	
 ﾠflux	
 ﾠsystem.	
 ﾠThe	
 ﾠWOAs	
 ﾠhave	
 ﾠdifferent	
 ﾠchemical	
 ﾠand	
 ﾠRiccardo	
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physical	
 ﾠproperties,	
 ﾠthus	
 ﾠtheir	
 ﾠeffects	
 ﾠon	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠPCBAs	
 ﾠwill	
 ﾠvary.	
 ﾠSome	
 ﾠof	
 ﾠthese	
 ﾠacids	
 ﾠ
resulted	
 ﾠ to	
 ﾠ be	
 ﾠ more	
 ﾠ aggressive	
 ﾠ than	
 ﾠ others,	
 ﾠ affecting	
 ﾠ to	
 ﾠ a	
 ﾠ greater	
 ﾠ extent	
 ﾠ the	
 ﾠ functioning	
 ﾠ of	
 ﾠ the	
 ﾠ
electronic	
 ﾠcomponents	
 ﾠtested	
 ﾠin	
 ﾠthis	
 ﾠwork.
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ECM	
 ﾠ 	
 ﾠ Electrochemical	
 ﾠMigration	
 ﾠ
ENIG	
 ﾠ 	
 ﾠ Electroless	
 ﾠNickel	
 ﾠImmersion	
 ﾠGold	
 ﾠ
IC	
 ﾠ 	
 ﾠ Ion	
 ﾠChromatography	
 ﾠ
LC	
 ﾠ 	
 ﾠ Leakage	
 ﾠCurrent	
 ﾠ
LRTD	
 ﾠ 	
 ﾠ Localized	
 ﾠSurface	
 ﾠInsulation	
 ﾠDetection	
 ﾠ(system)	
 ﾠ
LOM	
 ﾠ 	
 ﾠ Light	
 ﾠOptical	
 ﾠMicroscopy	
 ﾠ
PCB	
 ﾠ 	
 ﾠ Printed	
 ﾠCircuit	
 ﾠBoard	
 ﾠ
PCBA	
 ﾠ 	
 ﾠ Printed	
 ﾠCircuit	
 ﾠBoard	
 ﾠAssembly	
 ﾠ
PWB	
 ﾠ 	
 ﾠ Printed	
 ﾠWiring	
 ﾠBoard	
 ﾠ
RH	
 ﾠ 	
 ﾠ Relative	
 ﾠHumidity	
 ﾠ
SCEM	
 ﾠ 	
 ﾠ Single	
 ﾠComponent	
 ﾠElectrochemical	
 ﾠMigration	
 ﾠ
SEM/EDX	
 ﾠ Scanning	
 ﾠElectron	
 ﾠMicroscope/Energy	
 ﾠDispersive	
 ﾠusing	
 ﾠX-ﾭ‐ray	
 ﾠ(analysis)	
 ﾠ
SIR	
 ﾠ 	
 ﾠ Surface	
 ﾠInsulation	
 ﾠResistance	
 ﾠ 	
 ﾠ
SMC	
 ﾠ 	
 ﾠ Surface	
 ﾠMounted	
 ﾠComponent	
 ﾠ
TBBA	
 ﾠ 	
 ﾠ Tetrabromobisphenol	
 ﾠA	
 ﾠ
WOA	
 ﾠ 	
 ﾠ Weak	
 ﾠOrganic	
 ﾠAcid	
 ﾠ
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1  Introduction	
 ﾠ
	
 ﾠ
During	
 ﾠthe	
 ﾠpast	
 ﾠcouple	
 ﾠof	
 ﾠdecades,	
 ﾠuse	
 ﾠof	
 ﾠelectronic	
 ﾠdevices	
 ﾠhas	
 ﾠincreased	
 ﾠin	
 ﾠgigantic	
 ﾠproportions.	
 ﾠClear	
 ﾠ
examples	
 ﾠof	
 ﾠthis	
 ﾠtrend	
 ﾠare	
 ﾠmobile	
 ﾠphones:	
 ﾠdevices	
 ﾠmust	
 ﾠintegrate	
 ﾠmore	
 ﾠand	
 ﾠmore	
 ﾠcomplex	
 ﾠfunctions,	
 ﾠ
such	
 ﾠas	
 ﾠcamera,	
 ﾠGPS	
 ﾠand	
 ﾠseveral	
 ﾠwireless	
 ﾠcommunication	
 ﾠtechnologies.	
 ﾠThe	
 ﾠdevice	
 ﾠis	
 ﾠexpected	
 ﾠto	
 ﾠbe	
 ﾠ
both	
 ﾠcheap	
 ﾠand	
 ﾠas	
 ﾠmuch	
 ﾠas	
 ﾠpossible	
 ﾠreliable.	
 ﾠ	
 ﾠClimatic	
 ﾠreliability	
 ﾠaspects	
 ﾠare	
 ﾠoften	
 ﾠunderestimated	
 ﾠ
during	
 ﾠ the	
 ﾠ design	
 ﾠ of	
 ﾠ these	
 ﾠ electronics	
 ﾠ systems.	
 ﾠ Climatic	
 ﾠ reliability	
 ﾠ issues	
 ﾠ of	
 ﾠ electronics	
 ﾠ leading	
 ﾠ to	
 ﾠ
corrosion	
 ﾠ can	
 ﾠ introduce	
 ﾠ intermittent	
 ﾠ malfunctions	
 ﾠ and	
 ﾠ permanent	
 ﾠ failures,	
 ﾠ which	
 ﾠ cause	
 ﾠ severe	
 ﾠ
economic	
 ﾠloss.	
 ﾠ
Plating	
 ﾠbaths,	
 ﾠetching,	
 ﾠcleaning	
 ﾠand	
 ﾠsoldering	
 ﾠare	
 ﾠprocesses	
 ﾠwhich	
 ﾠtend	
 ﾠto	
 ﾠintroduce	
 ﾠcontamination	
 ﾠ
during	
 ﾠPCB	
 ﾠmanufacturing.	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems,	
 ﾠalthough	
 ﾠnecessary	
 ﾠfrom	
 ﾠthe	
 ﾠproduction	
 ﾠpoint	
 ﾠof	
 ﾠview,	
 ﾠ
often	
 ﾠleave	
 ﾠresidues	
 ﾠwhich	
 ﾠare	
 ﾠable	
 ﾠto	
 ﾠabsorb	
 ﾠhumidity.	
 ﾠThe	
 ﾠsynergistic	
 ﾠeffect	
 ﾠof	
 ﾠthese	
 ﾠcontaminants	
 ﾠand	
 ﾠ
humidity	
 ﾠleads	
 ﾠto	
 ﾠformation	
 ﾠof	
 ﾠcorrosion	
 ﾠcells	
 ﾠresulting	
 ﾠin	
 ﾠreliability	
 ﾠissues.	
 ﾠThe	
 ﾠinteraction	
 ﾠbetween	
 ﾠ
contamination	
 ﾠand	
 ﾠatmospheric	
 ﾠconditions	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠbe	
 ﾠinvestigated	
 ﾠas	
 ﾠit	
 ﾠaffects	
 ﾠto	
 ﾠa	
 ﾠgreat	
 ﾠextent	
 ﾠthe	
 ﾠ
climatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠcomponents.	
 ﾠ
This	
 ﾠchapter	
 ﾠaims	
 ﾠat	
 ﾠgiving	
 ﾠa	
 ﾠbrief	
 ﾠintroduction	
 ﾠconcerning	
 ﾠthe	
 ﾠimportance	
 ﾠof	
 ﾠinvestigating	
 ﾠthe	
 ﾠcorrosion	
 ﾠ
in	
 ﾠelectronics	
 ﾠdevices.	
 ﾠAdditionally,	
 ﾠby	
 ﾠanalysing	
 ﾠthe	
 ﾠcost	
 ﾠconsequences	
 ﾠof	
 ﾠelectronic	
 ﾠreliability	
 ﾠand	
 ﾠthe	
 ﾠ
factors	
 ﾠaffecting	
 ﾠit,	
 ﾠthe	
 ﾠaim	
 ﾠof	
 ﾠthis	
 ﾠproject	
 ﾠwill	
 ﾠbe	
 ﾠdefined.	
 ﾠ	
 ﾠ	
 ﾠ
1.1  Major	
 ﾠreasons	
 ﾠfor	
 ﾠcorrosion	
 ﾠreliability	
 ﾠissues	
 ﾠin	
 ﾠelectronics	
 ﾠ
Electronic	
 ﾠdevices	
 ﾠhave	
 ﾠbeen	
 ﾠrapidly	
 ﾠdeveloped	
 ﾠduring	
 ﾠthe	
 ﾠpast	
 ﾠfew	
 ﾠyears.	
 ﾠThese	
 ﾠcan	
 ﾠbe	
 ﾠfound	
 ﾠin	
 ﾠnormal	
 ﾠ
daily	
 ﾠlife	
 ﾠdevices	
 ﾠas	
 ﾠwell	
 ﾠas	
 ﾠhigh	
 ﾠtech	
 ﾠapplications	
 ﾠwhere	
 ﾠthey	
 ﾠhave	
 ﾠto	
 ﾠwithstand	
 ﾠsevere	
 ﾠconditions	
 ﾠthat	
 ﾠ
were	
 ﾠ never	
 ﾠ thought	
 ﾠ off	
 ﾠ few	
 ﾠ years	
 ﾠ back.	
 ﾠ Electronics	
 ﾠ is	
 ﾠ increasingly	
 ﾠ used	
 ﾠ as	
 ﾠ integrated	
 ﾠ into	
 ﾠ various	
 ﾠ
machines	
 ﾠand	
 ﾠalso	
 ﾠin	
 ﾠoutdoor	
 ﾠconditions	
 ﾠwhere	
 ﾠcorrosivity	
 ﾠis	
 ﾠgreater[1].	
 ﾠThe	
 ﾠknowledge	
 ﾠof	
 ﾠthe	
 ﾠelectronic	
 ﾠ
corrosion	
 ﾠprocess	
 ﾠand	
 ﾠthe	
 ﾠknow-ﾭ‐how	
 ﾠto	
 ﾠprevent	
 ﾠit,	
 ﾠhave	
 ﾠbecome	
 ﾠtopics	
 ﾠof	
 ﾠgreat	
 ﾠinterests	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠ
ensure	
 ﾠproduct	
 ﾠreliability.	
 ﾠ
Before	
 ﾠdescribing	
 ﾠthe	
 ﾠmain	
 ﾠreasons	
 ﾠfor	
 ﾠcorrosion	
 ﾠfailure,	
 ﾠit	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠemphasize	
 ﾠthat,	
 ﾠin	
 ﾠthis	
 ﾠfield,	
 ﾠsize	
 ﾠ
really	
 ﾠmatters.	
 ﾠThe	
 ﾠsize	
 ﾠof	
 ﾠthe	
 ﾠICs	
 ﾠhas	
 ﾠbeen	
 ﾠdecreased	
 ﾠby	
 ﾠa	
 ﾠfactor	
 ﾠof	
 ﾠ10	
 ﾠreducing	
 ﾠthe	
 ﾠspacing	
 ﾠbetween	
 ﾠ
the	
 ﾠIC	
 ﾠcomponents	
 ﾠto	
 ﾠaround	
 ﾠ200nm.	
 ﾠOn	
 ﾠa	
 ﾠPCB,	
 ﾠthe	
 ﾠspacing	
 ﾠis	
 ﾠnow	
 ﾠaround	
 ﾠ5	
 ﾠµm,	
 ﾠwhile	
 ﾠin	
 ﾠmid-ﾭ‐90’s	
 ﾠwas	
 ﾠ
around	
 ﾠ100	
 ﾠµm.	
 ﾠThis	
 ﾠincreased	
 ﾠpackaging	
 ﾠdensity	
 ﾠof	
 ﾠelectronics	
 ﾠhas	
 ﾠbecome	
 ﾠso	
 ﾠgreat	
 ﾠin	
 ﾠall	
 ﾠmajor	
 ﾠproduct	
 ﾠ
areas	
 ﾠ(Figure	
 ﾠ1)	
 ﾠthat	
 ﾠmakes	
 ﾠthe	
 ﾠelectronics	
 ﾠsensitive	
 ﾠto	
 ﾠthe	
 ﾠcorroding	
 ﾠand	
 ﾠcontamination	
 ﾠeffects	
 ﾠof	
 ﾠthe	
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environment	
 ﾠ also	
 ﾠ in	
 ﾠ relatively	
 ﾠ mild	
 ﾠ conditions.	
 ﾠ A	
 ﾠ material	
 ﾠ loss	
 ﾠ of	
 ﾠ the	
 ﾠ order	
 ﾠ of	
 ﾠ picograms	
 ﾠ (10
-ﾭ‐12)	
 ﾠ is,	
 ﾠ
indeed,	
 ﾠsufficient	
 ﾠto	
 ﾠgenerate	
 ﾠa	
 ﾠfault	
 ﾠin	
 ﾠthe	
 ﾠconducting	
 ﾠpath	
 ﾠof	
 ﾠa	
 ﾠPCB[2].	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ1	
 ﾠReduction	
 ﾠin	
 ﾠthe	
 ﾠvolume	
 ﾠof	
 ﾠcommunication	
 ﾠsystem	
 ﾠwith	
 ﾠtime	
 ﾠ[3]	
 ﾠ
The	
 ﾠaverage	
 ﾠsize	
 ﾠof	
 ﾠdew	
 ﾠdroplet	
 ﾠformation	
 ﾠon	
 ﾠa	
 ﾠsurface	
 ﾠat	
 ﾠdifferent	
 ﾠtemperatures	
 ﾠvaries	
 ﾠfrom	
 ﾠ20	
 ﾠ–	
 ﾠ50	
 ﾠ
µm	
 ﾠat	
 ﾠabout	
 ﾠ50%	
 ﾠRH.	
 ﾠHence	
 ﾠsmaller	
 ﾠdistance	
 ﾠon	
 ﾠthe	
 ﾠPCBs	
 ﾠmakes	
 ﾠit	
 ﾠeasy	
 ﾠfor	
 ﾠthe	
 ﾠlocal	
 ﾠelectrochemical	
 ﾠcell	
 ﾠ
to	
 ﾠform.	
 ﾠ
	
 ﾠ
1.2  Cost	
 ﾠof	
 ﾠcorrosion	
 ﾠ
The	
 ﾠcost	
 ﾠof	
 ﾠcorrosion	
 ﾠin	
 ﾠindustrialized	
 ﾠcountries	
 ﾠhas	
 ﾠbeen	
 ﾠestimated	
 ﾠto	
 ﾠbe	
 ﾠabout	
 ﾠ3-ﾭ‐4%	
 ﾠof	
 ﾠthe	
 ﾠgross	
 ﾠ
national	
 ﾠproduct.	
 ﾠThe	
 ﾠdirect	
 ﾠand	
 ﾠindirect	
 ﾠcosts	
 ﾠof	
 ﾠcorrosion	
 ﾠcan	
 ﾠbe	
 ﾠgenerally	
 ﾠsummarized	
 ﾠin:	
 ﾠ
	
 ﾠ
•  efforts	
 ﾠto	
 ﾠgive	
 ﾠstructures	
 ﾠan	
 ﾠattractive	
 ﾠappearance	
 ﾠ
•  replacement	
 ﾠand	
 ﾠmaintenance	
 ﾠof	
 ﾠcomponents	
 ﾠ
•  	
 ﾠeconomic	
 ﾠloss	
 ﾠdue	
 ﾠto	
 ﾠproduction	
 ﾠinterruptions	
 ﾠ
•  extra	
 ﾠcost	
 ﾠof	
 ﾠusing	
 ﾠexpensive	
 ﾠmaterials	
 ﾠand	
 ﾠother	
 ﾠmeasures	
 ﾠfor	
 ﾠthe	
 ﾠprevention	
 ﾠof	
 ﾠcorrosion	
 ﾠ	
 ﾠ
•  loss	
 ﾠor	
 ﾠdestruction	
 ﾠof	
 ﾠproducts.	
 ﾠ	
 ﾠ
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Besides	
 ﾠthe	
 ﾠfinancial	
 ﾠcost,	
 ﾠa	
 ﾠgood	
 ﾠdeal	
 ﾠof	
 ﾠattention	
 ﾠshould	
 ﾠbe	
 ﾠpaid	
 ﾠto	
 ﾠsafety	
 ﾠrisks	
 ﾠand	
 ﾠthe	
 ﾠpollution	
 ﾠof	
 ﾠthe	
 ﾠ
environment	
 ﾠdue	
 ﾠto	
 ﾠcorrosion[4].	
 ﾠ	
 ﾠ
	
 ﾠ
The	
 ﾠcorrosion	
 ﾠprocess	
 ﾠand	
 ﾠfailure	
 ﾠin	
 ﾠelectronic	
 ﾠcomponent	
 ﾠis	
 ﾠsubtle	
 ﾠand	
 ﾠinsidious	
 ﾠas	
 ﾠit	
 ﾠcannot	
 ﾠbe	
 ﾠreadily	
 ﾠ
detected.	
 ﾠMost	
 ﾠof	
 ﾠthe	
 ﾠtime	
 ﾠthe	
 ﾠcorrosion	
 ﾠfailure	
 ﾠis	
 ﾠdismissed	
 ﾠas	
 ﾠjust	
 ﾠa	
 ﾠfailure	
 ﾠand	
 ﾠthe	
 ﾠcomponent	
 ﾠis	
 ﾠ
replaced	
 ﾠwhen	
 ﾠit	
 ﾠbreaks	
 ﾠdown	
 ﾠor	
 ﾠmalfunctions.	
 ﾠThis	
 ﾠmakes	
 ﾠthe	
 ﾠcost	
 ﾠof	
 ﾠcorrosion	
 ﾠdifficult	
 ﾠto	
 ﾠestimate[5].	
 ﾠ
However,	
 ﾠin	
 ﾠindustries	
 ﾠlike	
 ﾠthe	
 ﾠdefense	
 ﾠand	
 ﾠautomotive,	
 ﾠwhere	
 ﾠsignificant	
 ﾠinvestments	
 ﾠand	
 ﾠefforts	
 ﾠin	
 ﾠ
durable	
 ﾠequipment	
 ﾠhas	
 ﾠbeen	
 ﾠdone,	
 ﾠthere	
 ﾠis	
 ﾠa	
 ﾠtendency	
 ﾠto	
 ﾠkeep	
 ﾠthe	
 ﾠequipment	
 ﾠfor	
 ﾠlonger	
 ﾠperiods	
 ﾠof	
 ﾠtime	
 ﾠ
and	
 ﾠcorrosion	
 ﾠhas	
 ﾠbecome	
 ﾠa	
 ﾠrelevant	
 ﾠissue[6].	
 ﾠ
An	
 ﾠimportant	
 ﾠvoice	
 ﾠin	
 ﾠthe	
 ﾠconsequences	
 ﾠof	
 ﾠelectronic	
 ﾠequipment	
 ﾠcorrosion	
 ﾠis	
 ﾠthe	
 ﾠcost	
 ﾠof	
 ﾠdowntime.	
 ﾠIn	
 ﾠ
manufacturing	
 ﾠ facilities,	
 ﾠ corrosion	
 ﾠ of	
 ﾠ electronic	
 ﾠ control	
 ﾠ equipment	
 ﾠ can	
 ﾠ lead	
 ﾠ to	
 ﾠ shutdown	
 ﾠ of	
 ﾠ the	
 ﾠ
production	
 ﾠprocesses	
 ﾠwith	
 ﾠa	
 ﾠconsequent	
 ﾠlost	
 ﾠof	
 ﾠproduction	
 ﾠtime[4].	
 ﾠIn	
 ﾠservices	
 ﾠand	
 ﾠother	
 ﾠindustries,	
 ﾠthe	
 ﾠ
breakdown	
 ﾠ of	
 ﾠ electronic	
 ﾠ components	
 ﾠ like	
 ﾠ servers	
 ﾠ and	
 ﾠ database,	
 ﾠ leads	
 ﾠ to	
 ﾠ data	
 ﾠ center	
 ﾠ down	
 ﾠ time,	
 ﾠ
stopping	
 ﾠtransactions,	
 ﾠcommunications,	
 ﾠlogistical	
 ﾠoperations	
 ﾠand	
 ﾠthe	
 ﾠlike.	
 ﾠFigure	
 ﾠ2	
 ﾠshows	
 ﾠsome	
 ﾠof	
 ﾠthe	
 ﾠ
foretold	
 ﾠcosts	
 ﾠfor	
 ﾠsome	
 ﾠspecific	
 ﾠmanufacturing	
 ﾠand	
 ﾠservices	
 ﾠindustries.	
 ﾠ
Recent	
 ﾠstudies	
 ﾠin	
 ﾠthe	
 ﾠU.S	
 ﾠhave	
 ﾠsummarized	
 ﾠthe	
 ﾠcost	
 ﾠof	
 ﾠthe	
 ﾠtotal	
 ﾠcost	
 ﾠof	
 ﾠelectronic	
 ﾠcorrosion	
 ﾠto	
 ﾠbe	
 ﾠin	
 ﾠthe	
 ﾠ
order	
 ﾠof	
 ﾠ0.5-ﾭ‐0.7%	
 ﾠof	
 ﾠthe	
 ﾠGDP,	
 ﾠmeaning	
 ﾠaround	
 ﾠ90	
 ﾠbillion	
 ﾠUS	
 ﾠdollars.	
 ﾠ	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ2	
 ﾠCost	
 ﾠof	
 ﾠindustrial	
 ﾠand	
 ﾠdata	
 ﾠcenter	
 ﾠdowntime[5]	
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 ﾠ
1.3  Factors	
 ﾠaffecting	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronics	
 ﾠ
There	
 ﾠare	
 ﾠtwo	
 ﾠinherent	
 ﾠfactors	
 ﾠon	
 ﾠthe	
 ﾠPCBA,	
 ﾠwhich	
 ﾠare	
 ﾠessential	
 ﾠfor	
 ﾠcorrosion	
 ﾠare	
 ﾠthe	
 ﾠpresence	
 ﾠof	
 ﾠ
various	
 ﾠmetals/alloys	
 ﾠand	
 ﾠthe	
 ﾠpotential	
 ﾠbias.	
 ﾠThis	
 ﾠtogether	
 ﾠwith	
 ﾠother	
 ﾠfactors	
 ﾠsuch	
 ﾠas	
 ﾠhumidity	
 ﾠforming	
 ﾠ
water	
 ﾠlayer	
 ﾠresults	
 ﾠin	
 ﾠthe	
 ﾠformation	
 ﾠof	
 ﾠcorrosion	
 ﾠcell.	
 ﾠApart	
 ﾠfrom	
 ﾠthe	
 ﾠmetals	
 ﾠand	
 ﾠalloys,	
 ﾠthe	
 ﾠfour	
 ﾠmain	
 ﾠ
factors	
 ﾠaffecting	
 ﾠthe	
 ﾠclimatic	
 ﾠcorrosion	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices	
 ﾠare	
 ﾠtemperature,	
 ﾠbias,	
 ﾠhumidity	
 ﾠ
and	
 ﾠcontamination	
 ﾠ(Figure	
 ﾠ3).	
 ﾠWhen	
 ﾠthese	
 ﾠfour	
 ﾠfactors	
 ﾠperform	
 ﾠtogether	
 ﾠsimultaneously,	
 ﾠthe	
 ﾠlikelihood	
 ﾠ
of	
 ﾠfailure	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠcomponent	
 ﾠis	
 ﾠmuch	
 ﾠhigher[1][7].	
 ﾠ
	
 ﾠ
Figure	
 ﾠ3	
 ﾠFactors	
 ﾠinfluencing	
 ﾠelectronic	
 ﾠcorrosion	
 ﾠ
The	
 ﾠmain	
 ﾠfactor	
 ﾠaffecting	
 ﾠclimatic	
 ﾠcorrosion	
 ﾠis	
 ﾠperhaps	
 ﾠtemperature	
 ﾠthrough	
 ﾠhumidity,	
 ﾠsince	
 ﾠit	
 ﾠaffects	
 ﾠ
the	
 ﾠprevailing	
 ﾠhumidity	
 ﾠconditions.	
 ﾠAccording	
 ﾠto	
 ﾠthe	
 ﾠArrhenius	
 ﾠequation,	
 ﾠan	
 ﾠincrease	
 ﾠof	
 ﾠtemperature	
 ﾠhas	
 ﾠ
an	
 ﾠaccelerating	
 ﾠeffect	
 ﾠof	
 ﾠthe	
 ﾠchemical	
 ﾠreactions	
 ﾠinvolved	
 ﾠin	
 ﾠthe	
 ﾠprocess.	
 ﾠCorrosion	
 ﾠcaused	
 ﾠby	
 ﾠhumidity	
 ﾠ
can	
 ﾠ progress	
 ﾠ quickly	
 ﾠ even	
 ﾠ at	
 ﾠ 0-ﾭ‐30°C	
 ﾠ temperature[1].	
 ﾠ A	
 ﾠ change	
 ﾠ of	
 ﾠ temperature	
 ﾠ influences	
 ﾠ also	
 ﾠ the	
 ﾠ
relative	
 ﾠhumidity.	
 ﾠIf	
 ﾠthe	
 ﾠtemperature	
 ﾠdrops,	
 ﾠthe	
 ﾠrelative	
 ﾠhumidity	
 ﾠwill	
 ﾠat	
 ﾠsome	
 ﾠpoint	
 ﾠexceed	
 ﾠ100%	
 ﾠRH	
 ﾠ
leading	
 ﾠto	
 ﾠthe	
 ﾠformation	
 ﾠof	
 ﾠa	
 ﾠlayer	
 ﾠof	
 ﾠwater	
 ﾠon	
 ﾠthe	
 ﾠsurface.	
 ﾠThis	
 ﾠwater	
 ﾠlayer	
 ﾠaccelerates	
 ﾠcorrosion	
 ﾠrate	
 ﾠto	
 ﾠ
several	
 ﾠthousand	
 ﾠtimes	
 ﾠfaster	
 ﾠthan	
 ﾠat	
 ﾠthe	
 ﾠstarting	
 ﾠpoint.	
 ﾠWhen	
 ﾠthe	
 ﾠtemperature	
 ﾠrises	
 ﾠagain,	
 ﾠthe	
 ﾠwater	
 ﾠ
evaporates	
 ﾠand	
 ﾠcorrosion	
 ﾠnearly	
 ﾠstops.	
 ﾠ
	
 ﾠ
Contamination	
 ﾠplays	
 ﾠalso	
 ﾠa	
 ﾠsignificant	
 ﾠrole	
 ﾠconcerning	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices.	
 ﾠTwo	
 ﾠmain	
 ﾠ
sources	
 ﾠ of	
 ﾠ contaminants	
 ﾠ are	
 ﾠ the	
 ﾠ process	
 ﾠ related	
 ﾠ contamination	
 ﾠ resulting	
 ﾠ from	
 ﾠ the	
 ﾠ manufacturing	
 ﾠ
process	
 ﾠand	
 ﾠservice	
 ﾠrelated	
 ﾠcontamination	
 ﾠenters	
 ﾠinto	
 ﾠthe	
 ﾠdevice	
 ﾠduring	
 ﾠservice	
 ﾠ[2].	
 ﾠThe	
 ﾠformer	
 ﾠconcerns	
 ﾠ
about	
 ﾠ chemical	
 ﾠ residues	
 ﾠ from	
 ﾠ the	
 ﾠ production	
 ﾠ process,	
 ﾠ which	
 ﾠ could	
 ﾠ be	
 ﾠ solder	
 ﾠ flux	
 ﾠ residues,	
 ﾠ human	
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handling	
 ﾠ and	
 ﾠ remnants	
 ﾠ from	
 ﾠ the	
 ﾠ plating	
 ﾠ baths.	
 ﾠ The	
 ﾠ latter	
 ﾠ regards	
 ﾠ the	
 ﾠ environment	
 ﾠ wherein	
 ﾠ the	
 ﾠ
electronic	
 ﾠdevice	
 ﾠis	
 ﾠoperating.	
 ﾠThese	
 ﾠcan	
 ﾠbe	
 ﾠaggressive	
 ﾠions	
 ﾠlike	
 ﾠchlorides,	
 ﾠSO2,	
 ﾠNO2	
 ﾠand	
 ﾠdust[8][2].	
 ﾠThese	
 ﾠ
contaminants	
 ﾠcan	
 ﾠbe	
 ﾠthemselves	
 ﾠcorrosive	
 ﾠor	
 ﾠcan	
 ﾠattract	
 ﾠhumidity	
 ﾠfrom	
 ﾠthe	
 ﾠair	
 ﾠto	
 ﾠform	
 ﾠa	
 ﾠcondensed	
 ﾠ
phase	
 ﾠat	
 ﾠhumidity	
 ﾠlevels	
 ﾠbelow	
 ﾠ100%.	
 ﾠ	
 ﾠ
However,	
 ﾠpure	
 ﾠwater	
 ﾠlayer	
 ﾠon	
 ﾠa	
 ﾠclean	
 ﾠPCBA	
 ﾠsurface	
 ﾠonly	
 ﾠhas	
 ﾠlimited	
 ﾠconductivity	
 ﾠto	
 ﾠintroduce	
 ﾠany	
 ﾠ
significant	
 ﾠleak	
 ﾠcurrent	
 ﾠor	
 ﾠcorrosion	
 ﾠeffects.	
 ﾠHowever,	
 ﾠPCBA	
 ﾠsurface	
 ﾠis	
 ﾠseldom	
 ﾠclean	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠprocess	
 ﾠ
related	
 ﾠresidues	
 ﾠwhich	
 ﾠdissolves	
 ﾠinto	
 ﾠthe	
 ﾠwater	
 ﾠlayer.	
 ﾠWater	
 ﾠlayer	
 ﾠwith	
 ﾠdissolved	
 ﾠionic	
 ﾠresidues	
 ﾠare	
 ﾠmore	
 ﾠ
conducting,	
 ﾠwhich	
 ﾠcause	
 ﾠfirst	
 ﾠlevel	
 ﾠcorrosion	
 ﾠeffect	
 ﾠsuch	
 ﾠas	
 ﾠthe	
 ﾠincreased	
 ﾠlevels	
 ﾠof	
 ﾠleak	
 ﾠcurrent	
 ﾠcausing	
 ﾠ
functionality	
 ﾠproblems.	
 ﾠ
In	
 ﾠ addition	
 ﾠ to	
 ﾠ this,	
 ﾠ the	
 ﾠ applied	
 ﾠ potential	
 ﾠ between	
 ﾠ the	
 ﾠ components	
 ﾠ on	
 ﾠ the	
 ﾠ biased	
 ﾠ PCB	
 ﾠ accelerates	
 ﾠ
corrosion	
 ﾠfailures.	
 ﾠThe	
 ﾠcloser	
 ﾠspacing	
 ﾠincreases	
 ﾠthe	
 ﾠelectric	
 ﾠfield	
 ﾠ(E=V/d)	
 ﾠbetween	
 ﾠpoints,	
 ﾠwhich	
 ﾠeases	
 ﾠ
the	
 ﾠcorrosion	
 ﾠcell	
 ﾠformation	
 ﾠduring	
 ﾠlocal	
 ﾠcondensation	
 ﾠin	
 ﾠhumid	
 ﾠenvironments[9].	
 ﾠ
All	
 ﾠthese	
 ﾠfactors	
 ﾠcontribute	
 ﾠto	
 ﾠmake	
 ﾠthe	
 ﾠcorrosion	
 ﾠin	
 ﾠelectronics	
 ﾠa	
 ﾠsubtle	
 ﾠprocess,	
 ﾠdifficult	
 ﾠto	
 ﾠforecast	
 ﾠ
and	
 ﾠto	
 ﾠunderstand.	
 ﾠPresently	
 ﾠthe	
 ﾠknowledge	
 ﾠon	
 ﾠcorrosion	
 ﾠissues	
 ﾠof	
 ﾠelectronics	
 ﾠis	
 ﾠvery	
 ﾠlimited.	
 ﾠ
	
 ﾠ
1.4  Aim	
 ﾠof	
 ﾠthe	
 ﾠpresent	
 ﾠproject	
 ﾠ
Presently	
 ﾠ soldering	
 ﾠ process	
 ﾠ in	
 ﾠ the	
 ﾠ electronic	
 ﾠ industry	
 ﾠ is	
 ﾠ carried	
 ﾠ out	
 ﾠ using	
 ﾠ the	
 ﾠ “No-ﾭ‐Clean	
 ﾠ flux”	
 ﾠ
Technology,	
 ﾠwhich	
 ﾠmeans	
 ﾠno	
 ﾠcleaning	
 ﾠis	
 ﾠrequired	
 ﾠafter	
 ﾠthe	
 ﾠsoldering	
 ﾠprocess	
 ﾠwhich	
 ﾠuses	
 ﾠthe	
 ﾠ“no-ﾭ‐clean	
 ﾠ
flux	
 ﾠsystem”.	
 ﾠThe	
 ﾠidea	
 ﾠbehind	
 ﾠthe	
 ﾠno-ﾭ‐clean	
 ﾠflux	
 ﾠsystem	
 ﾠis	
 ﾠthat	
 ﾠit	
 ﾠleaves	
 ﾠonly	
 ﾠnegligible	
 ﾠresidues,	
 ﾠwhich	
 ﾠ
are	
 ﾠbenign.	
 ﾠHowever,	
 ﾠthis	
 ﾠis	
 ﾠseldom	
 ﾠthe	
 ﾠcase	
 ﾠon	
 ﾠa	
 ﾠactual	
 ﾠPCBA	
 ﾠirrespective	
 ﾠof	
 ﾠthe	
 ﾠboard	
 ﾠis	
 ﾠwave,	
 ﾠre-ﾭ‐flow,	
 ﾠ
selective,	
 ﾠor	
 ﾠhand	
 ﾠsoldered.	
 ﾠ.	
 ﾠThe	
 ﾠ‘‘No-ﾭ‐clean”	
 ﾠflux	
 ﾠsystems	
 ﾠoften	
 ﾠcontain	
 ﾠweak	
 ﾠorganic	
 ﾠacids	
 ﾠ(WOA)	
 ﾠas	
 ﾠ
activators	
 ﾠwith	
 ﾠthe	
 ﾠpurpose	
 ﾠof	
 ﾠremoving	
 ﾠoxides	
 ﾠon	
 ﾠthe	
 ﾠmetal	
 ﾠsurface.	
 ﾠFlux	
 ﾠsystems	
 ﾠhave	
 ﾠbeen	
 ﾠstudied	
 ﾠin	
 ﾠ
detail[2],	
 ﾠ[10],	
 ﾠ[11]	
 ﾠand	
 ﾠresidues	
 ﾠhave	
 ﾠbeen	
 ﾠfound	
 ﾠto	
 ﾠbe	
 ﾠcorrosion	
 ﾠaccelerating	
 ﾠdepending	
 ﾠon	
 ﾠthe	
 ﾠamount	
 ﾠ
and	
 ﾠcomposition.	
 ﾠThese	
 ﾠsolder	
 ﾠflux	
 ﾠresidues,	
 ﾠnecessary	
 ﾠfor	
 ﾠthe	
 ﾠproduction	
 ﾠprocess	
 ﾠhave,	
 ﾠa	
 ﾠdirect	
 ﾠimpact	
 ﾠ
on	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices.	
 ﾠFour	
 ﾠmain	
 ﾠ	
 ﾠWOAs	
 ﾠemployed	
 ﾠas	
 ﾠactivatos	
 ﾠin	
 ﾠthe	
 ﾠno-ﾭ‐clean	
 ﾠ
flux	
 ﾠsystems	
 ﾠare	
 ﾠadipic,	
 ﾠsuccinic,	
 ﾠmalic	
 ﾠand	
 ﾠglutaric	
 ﾠacid.	
 ﾠ
This	
 ﾠproject	
 ﾠaims	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠrelative	
 ﾠeffects	
 ﾠon	
 ﾠthese	
 ﾠacids	
 ﾠon	
 ﾠthe	
 ﾠcorrosion	
 ﾠreliability	
 ﾠunder	
 ﾠ
humid	
 ﾠand	
 ﾠcondensing	
 ﾠconditions	
 ﾠas	
 ﾠwell	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠsome	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠsystem	
 ﾠusing	
 ﾠthese	
 ﾠacids.	
 ﾠ	
 ﾠThe	
 ﾠ
behavior	
 ﾠ of	
 ﾠ these	
 ﾠ acids	
 ﾠ is	
 ﾠ compared	
 ﾠ to	
 ﾠ 1.56	
 ﾠ μg/cm
2	
 ﾠ of	
 ﾠ sodium	
 ﾠ chloride,	
 ﾠ which	
 ﾠ is	
 ﾠ referred	
 ﾠ in	
 ﾠ IPC	
 ﾠ
standards	
 ﾠas	
 ﾠthe	
 ﾠupper	
 ﾠlimit	
 ﾠof	
 ﾠionic	
 ﾠcontamination	
 ﾠto	
 ﾠbe	
 ﾠpresent	
 ﾠon	
 ﾠPCBAs.	
 ﾠ	
 ﾠThese	
 ﾠacids	
 ﾠare	
 ﾠtested	
 ﾠon	
 ﾠ
the	
 ﾠPCB	
 ﾠwith	
 ﾠthe	
 ﾠaim	
 ﾠof	
 ﾠmeasuring	
 ﾠtwo	
 ﾠparameters	
 ﾠfrom	
 ﾠthe	
 ﾠboard:	
 ﾠ(i)	
 ﾠleakage	
 ﾠcurrent	
 ﾠlevels,	
 ﾠand	
 ﾠ(ii)	
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corrosion	
 ﾠ especially	
 ﾠ electrochemical	
 ﾠ migration.	
 ﾠ These	
 ﾠ can	
 ﾠ directly	
 ﾠ be	
 ﾠ correlated	
 ﾠ to	
 ﾠ reliability	
 ﾠ as	
 ﾠ a	
 ﾠ
function	
 ﾠof	
 ﾠflux	
 ﾠresidue	
 ﾠunder	
 ﾠcondensing,	
 ﾠnear-ﾭ‐condensing	
 ﾠand	
 ﾠnon-ﾭ‐condensing	
 ﾠconditions.	
 ﾠSeven	
 ﾠflux	
 ﾠ
systems	
 ﾠhave	
 ﾠbeen	
 ﾠtested	
 ﾠunder	
 ﾠcondensing	
 ﾠconditions	
 ﾠas	
 ﾠwell.	
 ﾠThese	
 ﾠresults	
 ﾠare	
 ﾠthen	
 ﾠcompared	
 ﾠto	
 ﾠ
physical	
 ﾠproperties	
 ﾠand	
 ﾠbehaviors	
 ﾠof	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs.	
 ﾠ
The	
 ﾠfollowing	
 ﾠwill	
 ﾠbe	
 ﾠthe	
 ﾠexperimental	
 ﾠpart	
 ﾠof	
 ﾠthe	
 ﾠwork:	
 ﾠ 	
 ﾠ
•  Polarization	
 ﾠcurves	
 ﾠon	
 ﾠtin	
 ﾠwith	
 ﾠdifferent	
 ﾠconcentration	
 ﾠof	
 ﾠWOAs	
 ﾠ
•  Conductivity	
 ﾠmeasurements	
 ﾠof	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs	
 ﾠwith	
 ﾠthe	
 ﾠpurpose	
 ﾠof	
 ﾠfinding	
 ﾠthe	
 ﾠconcentrations	
 ﾠ
which	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠas	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠsodium	
 ﾠchloride	
 ﾠ
•  Single	
 ﾠcomponent	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠexperiments	
 ﾠon	
 ﾠcapacitors	
 ﾠcontaminated	
 ﾠwith	
 ﾠWOAs	
 ﾠ
and	
 ﾠflux	
 ﾠsystem	
 ﾠat	
 ﾠfull-ﾭ‐condensing	
 ﾠconditions	
 ﾠ
•  Climatic	
 ﾠ testing	
 ﾠ of	
 ﾠ PCBAs	
 ﾠ with	
 ﾠ different	
 ﾠ amounts	
 ﾠ of	
 ﾠ WOAa	
 ﾠ under	
 ﾠ non-ﾭ‐condensing	
 ﾠ and	
 ﾠ near-ﾭ‐
condensing	
 ﾠ conditions	
 ﾠ using	
 ﾠ in-ﾭ‐situ	
 ﾠ Peltier	
 ﾠ stage,	
 ﾠ and	
 ﾠ measurement	
 ﾠ of	
 ﾠ leakage	
 ﾠ current	
 ﾠ and	
 ﾠ
electrochemical	
 ﾠmigration	
 ﾠ
•  Analysis	
 ﾠof	
 ﾠcorrosion	
 ﾠmorphology	
 ﾠusing	
 ﾠoptical	
 ﾠmicroscope	
 ﾠand	
 ﾠscanning	
 ﾠelectron	
 ﾠmicroscopy	
 ﾠ
Work	
 ﾠin	
 ﾠthis	
 ﾠthesis	
 ﾠalso	
 ﾠfocus	
 ﾠon	
 ﾠoptimizing	
 ﾠthe	
 ﾠtest	
 ﾠunder	
 ﾠcondensation	
 ﾠusing	
 ﾠthe	
 ﾠPeltier	
 ﾠstage	
 ﾠset	
 ﾠup,	
 ﾠ
which	
 ﾠwill	
 ﾠbe	
 ﾠfurther	
 ﾠexplored	
 ﾠin	
 ﾠthe	
 ﾠfuture	
 ﾠwork.	
 ﾠFinally	
 ﾠthe	
 ﾠresults	
 ﾠobtained	
 ﾠfrom	
 ﾠthe	
 ﾠinvestigations	
 ﾠare	
 ﾠ
compared	
 ﾠand	
 ﾠanalyzed.	
 ﾠ	
 ﾠ
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2  An	
 ﾠoutline	
 ﾠof	
 ﾠPCBA	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠ
In	
 ﾠ this	
 ﾠ chapter	
 ﾠ the	
 ﾠ main	
 ﾠ technologies,	
 ﾠ together	
 ﾠ with	
 ﾠ the	
 ﾠ core	
 ﾠ materials	
 ﾠ and	
 ﾠ components,	
 ﾠ used	
 ﾠ to	
 ﾠ
produce	
 ﾠlarge	
 ﾠvolumes	
 ﾠof	
 ﾠPCBAs	
 ﾠwill	
 ﾠbe	
 ﾠbriefly	
 ﾠintroduced.	
 ﾠ
A	
 ﾠprinted	
 ﾠcircuit	
 ﾠboard	
 ﾠ(PCB),Figure	
 ﾠ4,	
 ﾠis	
 ﾠthe	
 ﾠplatform	
 ﾠupon	
 ﾠwhich	
 ﾠmicroelectronic	
 ﾠcomponents	
 ﾠsuch	
 ﾠas	
 ﾠ
semiconductor	
 ﾠchips	
 ﾠand	
 ﾠcapacitors	
 ﾠare	
 ﾠmounted.	
 ﾠIt	
 ﾠguarantees	
 ﾠthe	
 ﾠelectrical	
 ﾠinterconnection	
 ﾠbetween	
 ﾠ
components	
 ﾠand	
 ﾠin	
 ﾠall	
 ﾠelectronics	
 ﾠproducts.	
 ﾠPCB	
 ﾠmanufacturing	
 ﾠis	
 ﾠhighly	
 ﾠcomplicated,	
 ﾠrequiring	
 ﾠlarge	
 ﾠ
equipment	
 ﾠinvestments	
 ﾠand	
 ﾠover	
 ﾠ50	
 ﾠprocess	
 ﾠsteps[12].	
 ﾠ A	
 ﾠ PCB	
 ﾠ is	
 ﾠ formed	
 ﾠ from	
 ﾠ a	
 ﾠ series	
 ﾠ of	
 ﾠ laminate,	
 ﾠ
tracking	
 ﾠand	
 ﾠprepreg	
 ﾠlayers	
 ﾠseparated	
 ﾠby	
 ﾠinsulating	
 ﾠmaterials.	
 ﾠWithin	
 ﾠthe	
 ﾠstack	
 ﾠis	
 ﾠoften	
 ﾠa	
 ﾠseries	
 ﾠof	
 ﾠdrilled	
 ﾠ
holes,	
 ﾠforming	
 ﾠvias	
 ﾠbetween	
 ﾠtracking	
 ﾠor	
 ﾠbetween	
 ﾠsurfaces.	
 ﾠA	
 ﾠPrinted	
 ﾠCircuit	
 ﾠBoard	
 ﾠAssembly	
 ﾠ(PCBA)	
 ﾠis	
 ﾠa	
 ﾠ
PCB	
 ﾠwhere	
 ﾠall	
 ﾠthe	
 ﾠcomponents	
 ﾠhave	
 ﾠbeen	
 ﾠassembled.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ4	
 ﾠGraphical	
 ﾠrepresentation	
 ﾠof	
 ﾠan	
 ﾠexample	
 ﾠPCB[13]	
 ﾠ
Copper	
 ﾠconduction	
 ﾠlines,	
 ﾠembedded	
 ﾠon	
 ﾠa	
 ﾠdielectric	
 ﾠmedium	
 ﾠof	
 ﾠepoxy	
 ﾠresin	
 ﾠreinforced	
 ﾠwith	
 ﾠglass	
 ﾠfibers	
 ﾠ
ensure	
 ﾠthe	
 ﾠelectrical	
 ﾠconnections	
 ﾠalong	
 ﾠthe	
 ﾠPCB[13].In	
 ﾠorder	
 ﾠto	
 ﾠincrease	
 ﾠthe	
 ﾠamount	
 ﾠof	
 ﾠcomponents	
 ﾠa	
 ﾠ
PCB	
 ﾠcan	
 ﾠconsist	
 ﾠof	
 ﾠ2-ﾭ‐6	
 ﾠlayers.	
 ﾠThis	
 ﾠnumber	
 ﾠis	
 ﾠincreasing,	
 ﾠleading	
 ﾠto	
 ﾠa	
 ﾠhigher	
 ﾠcomplexity	
 ﾠof	
 ﾠthe	
 ﾠboard[8].	
 ﾠA	
 ﾠ
PCB	
 ﾠcan	
 ﾠundergo	
 ﾠdifferent	
 ﾠsurface	
 ﾠfinishing,	
 ﾠlike	
 ﾠENIG,	
 ﾠHASL	
 ﾠand	
 ﾠimmersion	
 ﾠtin	
 ﾠor	
 ﾠsilver	
 ﾠfinish.	
 ﾠENIG	
 ﾠ
stands	
 ﾠfor	
 ﾠ"Electroless	
 ﾠNickel	
 ﾠImmersion	
 ﾠGold":	
 ﾠan	
 ﾠunderlying	
 ﾠlayer	
 ﾠof	
 ﾠnickel	
 ﾠis	
 ﾠcoated	
 ﾠwith	
 ﾠa	
 ﾠthin	
 ﾠlayer	
 ﾠof	
 ﾠ
gold	
 ﾠover	
 ﾠthe	
 ﾠtop.	
 ﾠThe	
 ﾠgold	
 ﾠlayer	
 ﾠjust	
 ﾠact	
 ﾠas	
 ﾠa	
 ﾠprotective	
 ﾠcoating	
 ﾠfor	
 ﾠthe	
 ﾠnickel	
 ﾠto	
 ﾠprevent	
 ﾠit	
 ﾠtarnishing	
 ﾠ
before	
 ﾠit	
 ﾠis	
 ﾠsoldered.	
 ﾠHot	
 ﾠAir	
 ﾠSolder	
 ﾠLevelling	
 ﾠis	
 ﾠthe	
 ﾠmost	
 ﾠcommon	
 ﾠsurface	
 ﾠfinish:	
 ﾠPCBs	
 ﾠare	
 ﾠdipped	
 ﾠin	
 ﾠ
molten	
 ﾠsolder	
 ﾠand	
 ﾠthen	
 ﾠthe	
 ﾠexcess	
 ﾠis	
 ﾠcleaned	
 ﾠoff	
 ﾠusing	
 ﾠhot-ﾭ‐air	
 ﾠknives	
 ﾠto	
 ﾠleave	
 ﾠbehind	
 ﾠthe	
 ﾠthinnest	
 ﾠ
possible	
 ﾠlayer	
 ﾠof	
 ﾠsolder.	
 ﾠ	
 ﾠBy	
 ﾠmean	
 ﾠof	
 ﾠimmersion	
 ﾠtin	
 ﾠfinishing,	
 ﾠalayer	
 ﾠof	
 ﾠtin	
 ﾠis	
 ﾠapplied	
 ﾠto	
 ﾠthe	
 ﾠPCB	
 ﾠby	
 ﾠmeans	
 ﾠ
of	
 ﾠ a	
 ﾠ special	
 ﾠ process,	
 ﾠ in	
 ﾠ which	
 ﾠ the	
 ﾠ copper	
 ﾠ atoms	
 ﾠ of	
 ﾠ the	
 ﾠ exposed	
 ﾠ conductors	
 ﾠ and	
 ﾠ contact	
 ﾠ areas	
 ﾠ are	
 ﾠ
exchanged	
 ﾠfor	
 ﾠtin	
 ﾠatoms.	
 ﾠWith	
 ﾠa	
 ﾠsimilar	
 ﾠprocess,	
 ﾠsilver	
 ﾠcan	
 ﾠalso	
 ﾠbe	
 ﾠapplied.	
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 ﾠ
2.1  Electronic	
 ﾠcomponents	
 ﾠand	
 ﾠmaterials	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠbetter	
 ﾠunderstand	
 ﾠthe	
 ﾠvarious	
 ﾠtypes	
 ﾠof	
 ﾠcorrosions	
 ﾠthat	
 ﾠcan	
 ﾠoccur	
 ﾠon	
 ﾠa	
 ﾠPCBA,	
 ﾠit	
 ﾠis	
 ﾠnecessary	
 ﾠto	
 ﾠ
understand	
 ﾠ the	
 ﾠ materials	
 ﾠ involved	
 ﾠ and	
 ﾠ how	
 ﾠ they	
 ﾠ are	
 ﾠ connect	
 ﾠ with	
 ﾠ each	
 ﾠ other.	
 ﾠ A	
 ﾠ list	
 ﾠ of	
 ﾠ the	
 ﾠ main	
 ﾠ
materials	
 ﾠthat	
 ﾠcan	
 ﾠbe	
 ﾠfound	
 ﾠon	
 ﾠa	
 ﾠPCB	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠin	
 ﾠAppendix	
 ﾠ I.	
 ﾠA	
 ﾠdetailed	
 ﾠdescription	
 ﾠof	
 ﾠall	
 ﾠthe	
 ﾠ
components	
 ﾠand	
 ﾠmaterials	
 ﾠon	
 ﾠa	
 ﾠPCB	
 ﾠwill	
 ﾠbe	
 ﾠa	
 ﾠtoo	
 ﾠbroad	
 ﾠrange	
 ﾠof	
 ﾠinvestigation	
 ﾠfor	
 ﾠthis	
 ﾠthesis,	
 ﾠtherefore	
 ﾠ
only	
 ﾠthe	
 ﾠmost	
 ﾠimportant	
 ﾠones	
 ﾠwill	
 ﾠbe	
 ﾠdescribed	
 ﾠin	
 ﾠthis	
 ﾠparagraph.	
 ﾠ	
 ﾠ
2.1.1  Passive	
 ﾠcomponents	
 ﾠ
A	
 ﾠpassive	
 ﾠcomponents	
 ﾠis	
 ﾠa	
 ﾠdevice	
 ﾠthat	
 ﾠeither	
 ﾠconsume	
 ﾠ(but	
 ﾠdoes	
 ﾠnot	
 ﾠproduce)	
 ﾠenergy[14].	
 ﾠThere	
 ﾠare	
 ﾠ
several	
 ﾠcomponents	
 ﾠon	
 ﾠa	
 ﾠPCBA	
 ﾠnamely	
 ﾠresistors,	
 ﾠcapacitors,	
 ﾠtransducers,	
 ﾠetc…	
 ﾠIn	
 ﾠthis	
 ﾠparagraph	
 ﾠan	
 ﾠ
overview	
 ﾠof	
 ﾠcapacitors	
 ﾠand	
 ﾠresistors	
 ﾠwill	
 ﾠbe	
 ﾠintroduced.	
 ﾠ
2.1.1.1  Capacitors	
 ﾠ
Capacitors,	
 ﾠ Figure	
 ﾠ 5,	
 ﾠ are	
 ﾠ bi-ﾭ‐polar	
 ﾠ components	
 ﾠ on	
 ﾠ a	
 ﾠ PCBA	
 ﾠ consisting	
 ﾠ of	
 ﾠ two	
 ﾠ electrical	
 ﾠ conductors	
 ﾠ
separated	
 ﾠby	
 ﾠa	
 ﾠdielectric	
 ﾠmaterial	
 ﾠ(insulator).	
 ﾠAs	
 ﾠthe	
 ﾠpotential	
 ﾠis	
 ﾠapplied	
 ﾠto	
 ﾠthe	
 ﾠelectrodes,	
 ﾠa	
 ﾠstatic	
 ﾠ
electric	
 ﾠfield	
 ﾠdevelops	
 ﾠacross	
 ﾠthe	
 ﾠdielectric,	
 ﾠbuilding	
 ﾠup	
 ﾠpositive	
 ﾠcharge	
 ﾠon	
 ﾠone	
 ﾠplate	
 ﾠand	
 ﾠnegative	
 ﾠcharge	
 ﾠ
on	
 ﾠthe	
 ﾠother	
 ﾠplate.	
 ﾠEnergy	
 ﾠis	
 ﾠthus	
 ﾠstored	
 ﾠin	
 ﾠthe	
 ﾠelectrostatic	
 ﾠfield.	
 ﾠThe	
 ﾠcapacitance	
 ﾠof	
 ﾠa	
 ﾠcapacitor	
 ﾠis	
 ﾠ
defined	
 ﾠby	
 ﾠthe	
 ﾠrelation	
 ﾠC=Q/V,	
 ﾠwhere	
 ﾠC	
 ﾠis	
 ﾠthe	
 ﾠcapacitance	
 ﾠ(measured	
 ﾠin	
 ﾠFarads,	
 ﾠF),	
 ﾠQ	
 ﾠis	
 ﾠthe	
 ﾠcharge	
 ﾠand	
 ﾠV	
 ﾠ
is	
 ﾠthe	
 ﾠapplied	
 ﾠpotential[15].	
 ﾠ	
 ﾠ
	
 ﾠ
Figure	
 ﾠ5Capacitor[16]	
 ﾠ
Capacitors	
 ﾠare	
 ﾠused	
 ﾠto	
 ﾠstore	
 ﾠenergy,	
 ﾠas	
 ﾠthe	
 ﾠcharge	
 ﾠthat	
 ﾠis	
 ﾠbuilt	
 ﾠup	
 ﾠon	
 ﾠthe	
 ﾠelectrodes	
 ﾠcan	
 ﾠbe	
 ﾠreleased	
 ﾠ
after	
 ﾠthe	
 ﾠpotential	
 ﾠhas	
 ﾠbeen	
 ﾠremoved.	
 ﾠOn	
 ﾠan	
 ﾠelectronic	
 ﾠcircuit,	
 ﾠcapacitors	
 ﾠare	
 ﾠused	
 ﾠas	
 ﾠfilters	
 ﾠfor	
 ﾠDC	
 ﾠ
signals	
 ﾠcoming	
 ﾠfrom	
 ﾠan	
 ﾠAC	
 ﾠsource	
 ﾠand	
 ﾠnoise	
 ﾠsmoothers[8].	
 ﾠ
Capacitors	
 ﾠare	
 ﾠparticularly	
 ﾠvulnerable	
 ﾠto	
 ﾠthe	
 ﾠformation	
 ﾠof	
 ﾠcondensed	
 ﾠwater	
 ﾠlayer	
 ﾠdue	
 ﾠto	
 ﾠtheir	
 ﾠbi-ﾭ‐polar	
 ﾠ
nature[17].	
 ﾠThis	
 ﾠcondensed	
 ﾠwater	
 ﾠlayer	
 ﾠwithin	
 ﾠthe	
 ﾠtwo	
 ﾠelectrodes	
 ﾠensures	
 ﾠthe	
 ﾠelectrolytic	
 ﾠmedium	
 ﾠfor	
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the	
 ﾠ formation	
 ﾠ of	
 ﾠ a	
 ﾠ tiny	
 ﾠ corrosion	
 ﾠ cell.	
 ﾠ Electrochemical	
 ﾠ migration	
 ﾠ is	
 ﾠ commonly	
 ﾠ found	
 ﾠ on	
 ﾠ capacitors,	
 ﾠ
causing	
 ﾠelectric	
 ﾠshort	
 ﾠof	
 ﾠthe	
 ﾠcomponent[8].	
 ﾠ
2.1.1.2  Resistors	
 ﾠ
A	
 ﾠresistor	
 ﾠis	
 ﾠan	
 ﾠelectrical	
 ﾠcomponent	
 ﾠthat	
 ﾠimplements	
 ﾠelectrical	
 ﾠresistance[8].	
 ﾠThe	
 ﾠdirect	
 ﾠproportion	
 ﾠof	
 ﾠ
the	
 ﾠcurrent	
 ﾠflowing	
 ﾠthrough	
 ﾠthe	
 ﾠtransistor	
 ﾠand	
 ﾠthe	
 ﾠapplied	
 ﾠvoltage	
 ﾠis	
 ﾠrepresented	
 ﾠby	
 ﾠOhm's	
 ﾠlaw	
 ﾠI=V/R	
 ﾠ
More	
 ﾠspecifically,	
 ﾠOhm's	
 ﾠlaw	
 ﾠstates	
 ﾠthat	
 ﾠthe	
 ﾠR	
 ﾠin	
 ﾠthis	
 ﾠrelation	
 ﾠis	
 ﾠconstant,	
 ﾠindependent	
 ﾠof	
 ﾠthe	
 ﾠcurrent.	
 ﾠ
Resistors	
 ﾠare	
 ﾠcommon	
 ﾠelements	
 ﾠof	
 ﾠelectrical	
 ﾠnetworks	
 ﾠand	
 ﾠelectronic	
 ﾠcircuits	
 ﾠand	
 ﾠare	
 ﾠubiquitous	
 ﾠin	
 ﾠ
electronic	
 ﾠequipment[18].	
 ﾠ	
 ﾠ
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Figure	
 ﾠ6Resistors[19]	
 ﾠ
Al2O3	
 ﾠis	
 ﾠthe	
 ﾠmain	
 ﾠconstituent	
 ﾠof	
 ﾠthe	
 ﾠceramic	
 ﾠbody	
 ﾠof	
 ﾠa	
 ﾠresistor,	
 ﾠwhile	
 ﾠthe	
 ﾠresistive	
 ﾠelement	
 ﾠis	
 ﾠmade	
 ﾠof	
 ﾠ
metal	
 ﾠoxides	
 ﾠor	
 ﾠceramic/metallic	
 ﾠcomposites	
 ﾠ(cermet)[20].	
 ﾠ
Although	
 ﾠresistors	
 ﾠare	
 ﾠless	
 ﾠsusceptible	
 ﾠto	
 ﾠaqueous	
 ﾠcorrosion	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠgeneration	
 ﾠof	
 ﾠheat	
 ﾠwhich	
 ﾠdries	
 ﾠ
the	
 ﾠsurface,	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠcan	
 ﾠhappen	
 ﾠin	
 ﾠthe	
 ﾠsame	
 ﾠway	
 ﾠas	
 ﾠwith	
 ﾠthe	
 ﾠcapacitors.	
 ﾠ
2.1.2  Active	
 ﾠcomponents	
 ﾠ
On	
 ﾠthe	
 ﾠcontrary,	
 ﾠactive	
 ﾠcomponents	
 ﾠare	
 ﾠthe	
 ﾠones	
 ﾠthat	
 ﾠgive	
 ﾠa	
 ﾠgain	
 ﾠto	
 ﾠthe	
 ﾠcurrent.	
 ﾠPassive	
 ﾠand	
 ﾠactive	
 ﾠ
component	
 ﾠare	
 ﾠintegrated	
 ﾠwith	
 ﾠeach	
 ﾠother	
 ﾠto	
 ﾠfunction	
 ﾠas	
 ﾠone	
 ﾠsingle	
 ﾠcomponent.	
 ﾠTransistors,	
 ﾠamplifiers	
 ﾠ
and	
 ﾠ integrated	
 ﾠ circuits	
 ﾠ are	
 ﾠ all	
 ﾠ examples	
 ﾠ of	
 ﾠ active	
 ﾠ components	
 ﾠ that	
 ﾠ can	
 ﾠ be	
 ﾠ found	
 ﾠ in	
 ﾠ an	
 ﾠ electronic	
 ﾠ
device[21].	
 ﾠ
2.1.2.1  Integrated	
 ﾠcircuits	
 ﾠ
An	
 ﾠintegrated	
 ﾠCircuite	
 ﾠ(IC),	
 ﾠFigure	
 ﾠ7,	
 ﾠis	
 ﾠbuilt	
 ﾠup	
 ﾠupon	
 ﾠseveral	
 ﾠcomponents	
 ﾠwhich	
 ﾠare	
 ﾠintegrated	
 ﾠinto	
 ﾠone	
 ﾠ
single	
 ﾠdevice.	
 ﾠMost	
 ﾠof	
 ﾠthe	
 ﾠICs	
 ﾠcomponents,	
 ﾠlike	
 ﾠtransistors	
 ﾠand	
 ﾠamplifiers,	
 ﾠare	
 ﾠmade	
 ﾠof	
 ﾠa	
 ﾠsilicon	
 ﾠmono-ﾭ‐
crystal	
 ﾠand	
 ﾠin	
 ﾠsome	
 ﾠapplication	
 ﾠof	
 ﾠGaAs[18].	
 ﾠThe	
 ﾠlead	
 ﾠframe	
 ﾠis	
 ﾠconnected	
 ﾠto	
 ﾠthe	
 ﾠlegs	
 ﾠby	
 ﾠmean	
 ﾠof	
 ﾠthin	
 ﾠ
gold	
 ﾠwire,	
 ﾠwhile	
 ﾠthe	
 ﾠexternal	
 ﾠframe	
 ﾠis	
 ﾠmade	
 ﾠof	
 ﾠCu	
 ﾠbased	
 ﾠmaterials,	
 ﾠwhich	
 ﾠprovide	
 ﾠelectrical	
 ﾠconnection	
 ﾠ
to	
 ﾠthe	
 ﾠPCB,	
 ﾠwhile	
 ﾠdissipating	
 ﾠthe	
 ﾠheat	
 ﾠ(7).	
 ﾠAluminum	
 ﾠdoped	
 ﾠconnector	
 ﾠlines	
 ﾠwith	
 ﾠfew	
 ﾠper	
 ﾠcent	
 ﾠof	
 ﾠCr,	
 ﾠTi	
 ﾠor	
 ﾠ
W	
 ﾠreduces	
 ﾠthe	
 ﾠrisk	
 ﾠof	
 ﾠelectromigration[22].	
 ﾠ	
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 ﾠ
Figure	
 ﾠ7	
 ﾠIntegrated	
 ﾠcircuit[23]	
 ﾠ
	
 ﾠ
2.2  Component	
 ﾠmounting	
 ﾠ
In	
 ﾠthis	
 ﾠparagraph	
 ﾠthe	
 ﾠtwo	
 ﾠmain	
 ﾠtechniques,	
 ﾠnamely	
 ﾠThrough	
 ﾠHole	
 ﾠand	
 ﾠSurface	
 ﾠMount	
 ﾠTechnology,	
 ﾠused	
 ﾠ
for	
 ﾠmounting	
 ﾠthe	
 ﾠcomponents	
 ﾠto	
 ﾠthe	
 ﾠPCB	
 ﾠwill	
 ﾠbe	
 ﾠbriefly	
 ﾠintroduced.	
 ﾠ 	
 ﾠ
	
 ﾠ
Figure	
 ﾠ8	
 ﾠa)	
 ﾠthrough	
 ﾠhole	
 ﾠtechnology	
 ﾠb)	
 ﾠsurface	
 ﾠmount	
 ﾠtechnology	
 ﾠ
	
 ﾠ
2.2.1  Through	
 ﾠhole	
 ﾠtechnology	
 ﾠ
In	
 ﾠthis	
 ﾠtechnology	
 ﾠ(Figure	
 ﾠ8	
 ﾠa))	
 ﾠthe	
 ﾠcomponents	
 ﾠare	
 ﾠinserted	
 ﾠinto	
 ﾠholes	
 ﾠdrilled	
 ﾠin	
 ﾠPCBs	
 ﾠand	
 ﾠthen	
 ﾠsoldered	
 ﾠ
with	
 ﾠlead	
 ﾠto	
 ﾠpads	
 ﾠon	
 ﾠthe	
 ﾠopposite	
 ﾠside	
 ﾠ[24]l.	
 ﾠThis	
 ﾠcan	
 ﾠbe	
 ﾠdone	
 ﾠeither	
 ﾠmanually	
 ﾠor,	
 ﾠmost	
 ﾠlikely,	
 ﾠby	
 ﾠthe	
 ﾠuse	
 ﾠ
of	
 ﾠautomated	
 ﾠinsertion	
 ﾠmount	
 ﾠmachines[25].	
 ﾠ	
 ﾠTraditional	
 ﾠsolder	
 ﾠis	
 ﾠan	
 ﾠalloy	
 ﾠof	
 ﾠtin	
 ﾠand	
 ﾠlead	
 ﾠ(typically	
 ﾠ60-ﾭ‐
40),	
 ﾠwhich	
 ﾠmelts	
 ﾠat	
 ﾠa	
 ﾠtemperature	
 ﾠof	
 ﾠabout	
 ﾠ200	
 ﾠ°C.	
 ﾠ
While	
 ﾠthrough-ﾭ‐hole	
 ﾠmounting	
 ﾠprovides	
 ﾠstrong	
 ﾠmechanical	
 ﾠbonds	
 ﾠwhen	
 ﾠcompared	
 ﾠto	
 ﾠSurface	
 ﾠMount	
 ﾠ
Technology	
 ﾠtechniques,	
 ﾠthe	
 ﾠboard	
 ﾠbecomes	
 ﾠmore	
 ﾠexpensive	
 ﾠto	
 ﾠproduce	
 ﾠand	
 ﾠphysically	
 ﾠlarger	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠ
additional	
 ﾠdrilling.	
 ﾠ	
 ﾠ
Wave	
 ﾠsoldering	
 ﾠprocess	
 ﾠ(Chapter	
 ﾠ2.4.2)	
 ﾠis	
 ﾠthe	
 ﾠmain	
 ﾠtechnique	
 ﾠused	
 ﾠto	
 ﾠsolder	
 ﾠThrough	
 ﾠHole	
 ﾠComponents	
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2.2.2  Surface	
 ﾠmount	
 ﾠtechnology	
 ﾠ
An	
 ﾠalternative	
 ﾠto	
 ﾠthe	
 ﾠthrough-ﾭ‐hole	
 ﾠtechnology	
 ﾠis	
 ﾠthe	
 ﾠsurface	
 ﾠmount	
 ﾠtechnology,	
 ﾠSMT(Figure	
 ﾠ8	
 ﾠb))[26].	
 ﾠ
With	
 ﾠthis	
 ﾠtechnology	
 ﾠthe	
 ﾠconnections	
 ﾠfor	
 ﾠsoldering	
 ﾠthe	
 ﾠcomponent	
 ﾠto	
 ﾠthe	
 ﾠPCB	
 ﾠpads	
 ﾠare	
 ﾠon	
 ﾠthe	
 ﾠsame	
 ﾠside	
 ﾠ
of	
 ﾠthe	
 ﾠPCB	
 ﾠas	
 ﾠthe	
 ﾠcomponent	
 ﾠitself,	
 ﾠavoiding	
 ﾠlegs	
 ﾠthat	
 ﾠare	
 ﾠpushed	
 ﾠthrough	
 ﾠthe	
 ﾠboard.	
 ﾠIn	
 ﾠthis	
 ﾠway	
 ﾠit	
 ﾠis	
 ﾠ
possible	
 ﾠ to	
 ﾠ mount	
 ﾠ physically	
 ﾠ smaller	
 ﾠ components	
 ﾠ onto	
 ﾠ smaller	
 ﾠ PCBs,	
 ﾠ with	
 ﾠ superior	
 ﾠ high	
 ﾠ frequency	
 ﾠ
performance	
 ﾠwhen	
 ﾠcompared	
 ﾠto	
 ﾠthrough-ﾭ‐hole	
 ﾠequivalent.	
 ﾠThe	
 ﾠprocess	
 ﾠis	
 ﾠitself	
 ﾠfaster	
 ﾠand	
 ﾠmore	
 ﾠprecise	
 ﾠ
than	
 ﾠ the	
 ﾠ Through	
 ﾠ Hole	
 ﾠ technology[24].	
 ﾠ It	
 ﾠ ensures	
 ﾠ better	
 ﾠ mechanical	
 ﾠ performance	
 ﾠ under	
 ﾠ shake	
 ﾠ and	
 ﾠ
vibration	
 ﾠconditions.	
 ﾠHowever	
 ﾠthis	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠrequires	
 ﾠa	
 ﾠhigher	
 ﾠinitial	
 ﾠcost[8].	
 ﾠ
2.3  Soldering	
 ﾠprocess	
 ﾠ
Through	
 ﾠsoldering	
 ﾠmetals	
 ﾠitems	
 ﾠare	
 ﾠjoined	
 ﾠby	
 ﾠthe	
 ﾠprocess	
 ﾠof	
 ﾠmelting	
 ﾠand	
 ﾠflowing	
 ﾠa	
 ﾠfiller	
 ﾠmetal,	
 ﾠnamely	
 ﾠ
the	
 ﾠsolder.	
 ﾠThis	
 ﾠmetal	
 ﾠhas	
 ﾠof	
 ﾠcourse	
 ﾠa	
 ﾠlower	
 ﾠmelting	
 ﾠpoint	
 ﾠthan	
 ﾠthe	
 ﾠworkpiece.	
 ﾠ
The	
 ﾠmain	
 ﾠalloy	
 ﾠof	
 ﾠchoice	
 ﾠin	
 ﾠelectronics	
 ﾠassembly	
 ﾠis	
 ﾠthe	
 ﾠeutectic	
 ﾠof	
 ﾠ63%	
 ﾠtin	
 ﾠand	
 ﾠ37%	
 ﾠlead[24][27].	
 ﾠ	
 ﾠBy	
 ﾠ
using	
 ﾠan	
 ﾠeutectic	
 ﾠcomposition	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠavoid	
 ﾠthe	
 ﾠrange	
 ﾠof	
 ﾠtemperature	
 ﾠwhere	
 ﾠthe	
 ﾠtwo	
 ﾠphases	
 ﾠ
coexist,	
 ﾠwhile	
 ﾠachieving	
 ﾠa	
 ﾠsingle	
 ﾠliquidus	
 ﾠand	
 ﾠsolidus	
 ﾠtemperature.	
 ﾠThis	
 ﾠguarantees	
 ﾠa	
 ﾠquicker	
 ﾠwetting	
 ﾠas	
 ﾠ
the	
 ﾠsolder	
 ﾠheats	
 ﾠup,	
 ﾠa	
 ﾠquicker	
 ﾠsetup	
 ﾠas	
 ﾠthe	
 ﾠsolder	
 ﾠcools	
 ﾠand	
 ﾠthe	
 ﾠlowest	
 ﾠmelting	
 ﾠpoint,	
 ﾠminimizing	
 ﾠheat	
 ﾠ
stresses	
 ﾠon	
 ﾠduring	
 ﾠsoldering.	
 ﾠ
Other	
 ﾠmixtures	
 ﾠof	
 ﾠtin	
 ﾠand	
 ﾠlead	
 ﾠwith	
 ﾠa	
 ﾠrange	
 ﾠof	
 ﾠmelting	
 ﾠtemperature,	
 ﾠamongst	
 ﾠthese	
 ﾠthe	
 ﾠ60/40	
 ﾠand	
 ﾠthe	
 ﾠ
50/50	
 ﾠare	
 ﾠthe	
 ﾠmost	
 ﾠcommon[27].	
 ﾠ	
 ﾠ
2.3.1  Solder	
 ﾠflux	
 ﾠ
Fluxes	
 ﾠare	
 ﾠused	
 ﾠin	
 ﾠthe	
 ﾠfirst	
 ﾠplace	
 ﾠto	
 ﾠclean	
 ﾠthe	
 ﾠmetal	
 ﾠsurface	
 ﾠto	
 ﾠbe	
 ﾠsoldered	
 ﾠand	
 ﾠthen	
 ﾠcover	
 ﾠit	
 ﾠto	
 ﾠprevent	
 ﾠ
further	
 ﾠformation	
 ﾠof	
 ﾠcontaminants[9].	
 ﾠContaminants,	
 ﾠlike	
 ﾠoxides,	
 ﾠform	
 ﾠa	
 ﾠbarrier	
 ﾠbetween	
 ﾠthe	
 ﾠpure	
 ﾠmetal	
 ﾠ
and	
 ﾠsolder	
 ﾠpreventing	
 ﾠa	
 ﾠproper	
 ﾠwetting	
 ﾠof	
 ﾠthe	
 ﾠsurface	
 ﾠby	
 ﾠthe	
 ﾠsolder.	
 ﾠ
Figure	
 ﾠ9	
 ﾠshows	
 ﾠa	
 ﾠsection	
 ﾠof	
 ﾠcopper	
 ﾠtrack	
 ﾠof	
 ﾠan	
 ﾠassembly	
 ﾠwhich	
 ﾠshows	
 ﾠthree	
 ﾠdistinct	
 ﾠlayers	
 ﾠof	
 ﾠmaterial.	
 ﾠ
Most	
 ﾠ externally	
 ﾠ is	
 ﾠ an	
 ﾠ absorption	
 ﾠ layer	
 ﾠ in	
 ﾠ which	
 ﾠ water,	
 ﾠ gases	
 ﾠ and	
 ﾠ other	
 ﾠ residues	
 ﾠ are	
 ﾠ collected.	
 ﾠ
Underneath	
 ﾠthere	
 ﾠis	
 ﾠa	
 ﾠreaction	
 ﾠlayer	
 ﾠof	
 ﾠstrongly	
 ﾠbound	
 ﾠand	
 ﾠadherent	
 ﾠmaterials	
 ﾠsuch	
 ﾠas	
 ﾠoxides.	
 ﾠMost	
 ﾠ
internal	
 ﾠis	
 ﾠthe	
 ﾠmetal	
 ﾠpart	
 ﾠto	
 ﾠbe	
 ﾠsoldered	
 ﾠi.e.,	
 ﾠpure	
 ﾠmetal	
 ﾠcopper.	
 ﾠ[27]	
 ﾠ
From	
 ﾠoutside	
 ﾠin,	
 ﾠtherefore,	
 ﾠflux	
 ﾠmust:	
 ﾠ
•  Dissolve	
 ﾠmaterials	
 ﾠof	
 ﾠthe	
 ﾠabsorption	
 ﾠlayer	
 ﾠ
•  Remove	
 ﾠoxides,	
 ﾠsulphides	
 ﾠand	
 ﾠcarbonates	
 ﾠand	
 ﾠany	
 ﾠother	
 ﾠresidues	
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 ﾠ
Figure	
 ﾠ9	
 ﾠThree	
 ﾠlayers	
 ﾠof	
 ﾠa	
 ﾠcopper	
 ﾠtrack[27]	
 ﾠ
On	
 ﾠthe	
 ﾠother	
 ﾠhand,	
 ﾠbesides	
 ﾠthis	
 ﾠvital	
 ﾠcleaning	
 ﾠand	
 ﾠcovering	
 ﾠfunction,	
 ﾠfluxes	
 ﾠmust	
 ﾠhave	
 ﾠseveral	
 ﾠsecondary	
 ﾠ
characteristics[28][27]:	
 ﾠ
•  They	
 ﾠmust	
 ﾠbe	
 ﾠable	
 ﾠto	
 ﾠwithstand	
 ﾠthe	
 ﾠsoldering	
 ﾠtemperature	
 ﾠ
•  They	
 ﾠmust	
 ﾠbreak	
 ﾠdown	
 ﾠoxide	
 ﾠlayers	
 ﾠformed	
 ﾠon	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠmolten	
 ﾠsolder:	
 ﾠthis	
 ﾠallows	
 ﾠsolder	
 ﾠto	
 ﾠ
flow	
 ﾠand	
 ﾠwet	
 ﾠ
•  Ideally	
 ﾠthey	
 ﾠshould	
 ﾠnot	
 ﾠattack	
 ﾠand	
 ﾠcorrode	
 ﾠeither	
 ﾠthe	
 ﾠmetal	
 ﾠof	
 ﾠthe	
 ﾠjoint	
 ﾠor	
 ﾠthe	
 ﾠsurrounding	
 ﾠ
materials	
 ﾠ
•  They	
 ﾠand	
 ﾠtheir	
 ﾠresidues	
 ﾠafter	
 ﾠthe	
 ﾠsoldering	
 ﾠprocess	
 ﾠshould	
 ﾠbe	
 ﾠeasily	
 ﾠremovable.	
 ﾠ
2.3.2  How	
 ﾠfluxes	
 ﾠwork	
 ﾠ
In	
 ﾠFigure	
 ﾠ10	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠon	
 ﾠa	
 ﾠcomponent	
 ﾠduring	
 ﾠsoldering	
 ﾠis	
 ﾠdisplayed.	
 ﾠ	
 ﾠFirst,	
 ﾠas	
 ﾠthe	
 ﾠmetal	
 ﾠsheet	
 ﾠ
heats,	
 ﾠit	
 ﾠmelts	
 ﾠthe	
 ﾠflux	
 ﾠwhich	
 ﾠthen	
 ﾠbecomes	
 ﾠchemically	
 ﾠactive.	
 ﾠBy	
 ﾠmelting,	
 ﾠit	
 ﾠdissolves	
 ﾠthe	
 ﾠoxides	
 ﾠfrom	
 ﾠ
the	
 ﾠcopper	
 ﾠsurface	
 ﾠand	
 ﾠprevents	
 ﾠany	
 ﾠfurther	
 ﾠoxidization.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ10	
 ﾠWetting	
 ﾠaction	
 ﾠof	
 ﾠsolder	
 ﾠon	
 ﾠa	
 ﾠcopper	
 ﾠsurface,	
 ﾠaided	
 ﾠby	
 ﾠflux[27]	
 ﾠ
The	
 ﾠcleaned	
 ﾠsolder	
 ﾠwets	
 ﾠthe	
 ﾠcleaned	
 ﾠmetal	
 ﾠsurface	
 ﾠunderneath	
 ﾠthe	
 ﾠflux	
 ﾠand	
 ﾠstarts	
 ﾠto	
 ﾠflow.	
 ﾠAs	
 ﾠthe	
 ﾠsolder	
 ﾠ
flows,	
 ﾠit	
 ﾠpushes	
 ﾠthe	
 ﾠflux	
 ﾠ(and	
 ﾠits	
 ﾠresultant	
 ﾠfluxing	
 ﾠaction)	
 ﾠahead	
 ﾠof	
 ﾠit,	
 ﾠmoving	
 ﾠthe	
 ﾠprocess	
 ﾠforward.	
 ﾠThus	
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when	
 ﾠheated	
 ﾠup	
 ﾠthe	
 ﾠflux	
 ﾠbecomes	
 ﾠstrongly	
 ﾠreducing:	
 ﾠby	
 ﾠsealing	
 ﾠout	
 ﾠair	
 ﾠit	
 ﾠprevents	
 ﾠthe	
 ﾠformation	
 ﾠof	
 ﾠ
metal	
 ﾠoxides.	
 ﾠ	
 ﾠ
	
 ﾠ
The	
 ﾠactivity	
 ﾠof	
 ﾠa	
 ﾠflux	
 ﾠis	
 ﾠdefined	
 ﾠas	
 ﾠits	
 ﾠeffectiveness	
 ﾠin	
 ﾠremoving	
 ﾠoxide	
 ﾠand	
 ﾠcontaminants	
 ﾠfrom	
 ﾠthe	
 ﾠsurface	
 ﾠ
of	
 ﾠmetals.	
 ﾠFluxes	
 ﾠvary	
 ﾠin	
 ﾠtheir	
 ﾠchemical	
 ﾠactivity	
 ﾠthus	
 ﾠthe	
 ﾠtype	
 ﾠof	
 ﾠflux	
 ﾠto	
 ﾠbe	
 ﾠused	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠoxide	
 ﾠ
layers	
 ﾠof	
 ﾠthe	
 ﾠsurfaces	
 ﾠto	
 ﾠbe	
 ﾠsoldered.	
 ﾠThe	
 ﾠthicker	
 ﾠthe	
 ﾠoxide	
 ﾠlayers	
 ﾠis,	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠrequested	
 ﾠactivity	
 ﾠ
is[28][24][27].	
 ﾠ
Flux	
 ﾠactivity	
 ﾠis	
 ﾠclosely	
 ﾠallied	
 ﾠwith	
 ﾠthe	
 ﾠcorrosivity	
 ﾠof	
 ﾠthe	
 ﾠresidues	
 ﾠremaining	
 ﾠafter	
 ﾠsoldering	
 ﾠhas	
 ﾠtaken	
 ﾠ
place.	
 ﾠA	
 ﾠhighly	
 ﾠactive	
 ﾠflux	
 ﾠoften	
 ﾠleaves	
 ﾠcorrosive	
 ﾠresidues	
 ﾠwhich	
 ﾠmay	
 ﾠcorrode	
 ﾠthe	
 ﾠsolder	
 ﾠitself;	
 ﾠthus	
 ﾠis	
 ﾠ
essential	
 ﾠto	
 ﾠimmediately	
 ﾠclean	
 ﾠthe	
 ﾠsurfaces	
 ﾠafter	
 ﾠsoldering.	
 ﾠ
The	
 ﾠmain	
 ﾠsolder	
 ﾠfluxes	
 ﾠare	
 ﾠdivided	
 ﾠinto:	
 ﾠ
•  Rosin	
 ﾠbased	
 ﾠflux	
 ﾠ
•  Water	
 ﾠsoluble	
 ﾠflux	
 ﾠ
•  No-ﾭ‐clean	
 ﾠflux	
 ﾠ
2.3.3  Rosin	
 ﾠbased	
 ﾠfluxes	
 ﾠ
Rosin	
 ﾠis	
 ﾠa	
 ﾠmixture	
 ﾠof	
 ﾠorganic	
 ﾠacids	
 ﾠwhich	
 ﾠbecome	
 ﾠmildly	
 ﾠreactive	
 ﾠto	
 ﾠmetal	
 ﾠoxides	
 ﾠat	
 ﾠmolten	
 ﾠstate:	
 ﾠit	
 ﾠis	
 ﾠ
able	
 ﾠ to	
 ﾠ dissolve	
 ﾠ thinner	
 ﾠ layers	
 ﾠ of	
 ﾠ surface	
 ﾠ oxides	
 ﾠ from	
 ﾠ copper	
 ﾠ without	
 ﾠ additives[8].	
 ﾠ 	
 ﾠ Rosin	
 ﾠ has	
 ﾠ two	
 ﾠ
excellent	
 ﾠproperties	
 ﾠwhich	
 ﾠmake	
 ﾠits	
 ﾠuse	
 ﾠas	
 ﾠan	
 ﾠelectronic	
 ﾠsolder	
 ﾠflux	
 ﾠpreferable	
 ﾠto	
 ﾠmany	
 ﾠothers.	
 ﾠFirst	
 ﾠas	
 ﾠa	
 ﾠ
liquid	
 ﾠat	
 ﾠsoldering	
 ﾠtemperature	
 ﾠit	
 ﾠis	
 ﾠactive	
 ﾠand	
 ﾠso	
 ﾠprovides	
 ﾠgood	
 ﾠwetting	
 ﾠcapabilities	
 ﾠfor	
 ﾠsolder.	
 ﾠSecond,	
 ﾠ
its	
 ﾠresidues	
 ﾠafter	
 ﾠthe	
 ﾠsoldering	
 ﾠprocess	
 ﾠare	
 ﾠbasically	
 ﾠnon	
 ﾠreactive,	
 ﾠand	
 ﾠdo	
 ﾠnot	
 ﾠcorrode	
 ﾠthe	
 ﾠcompleted	
 ﾠ
joint[27].	
 ﾠDue	
 ﾠto	
 ﾠits	
 ﾠlow	
 ﾠactivity,	
 ﾠbasic	
 ﾠrosin	
 ﾠflux	
 ﾠis	
 ﾠonly	
 ﾠuseful	
 ﾠfor	
 ﾠremoving	
 ﾠvery	
 ﾠthin	
 ﾠoxides	
 ﾠof	
 ﾠmetals.	
 ﾠ	
 ﾠ
2.3.4  Water	
 ﾠsoluble	
 ﾠfluxes	
 ﾠ
These	
 ﾠare	
 ﾠa	
 ﾠtype	
 ﾠof	
 ﾠflux	
 ﾠwhose	
 ﾠresidues	
 ﾠafter	
 ﾠsoldering	
 ﾠare	
 ﾠoften	
 ﾠsoluble	
 ﾠin	
 ﾠwater	
 ﾠrather	
 ﾠthan	
 ﾠin	
 ﾠcleaning	
 ﾠ
solvent[29].	
 ﾠThe	
 ﾠactivity	
 ﾠof	
 ﾠthese	
 ﾠfluxes	
 ﾠis	
 ﾠusually	
 ﾠhigher,	
 ﾠmaking	
 ﾠthem	
 ﾠmore	
 ﾠsuitable	
 ﾠto	
 ﾠcope	
 ﾠwith	
 ﾠhigh	
 ﾠ
oxide	
 ﾠamounts	
 ﾠand	
 ﾠreplacing	
 ﾠthe	
 ﾠless	
 ﾠactive	
 ﾠrosin-ﾭ‐based	
 ﾠand	
 ﾠresin-ﾭ‐based	
 ﾠfluxes.	
 ﾠThe	
 ﾠhigher	
 ﾠactivity	
 ﾠoften	
 ﾠ
implies	
 ﾠa	
 ﾠhigher	
 ﾠcorrosivity	
 ﾠand	
 ﾠthese	
 ﾠkinds	
 ﾠof	
 ﾠfluxes	
 ﾠmust	
 ﾠbe	
 ﾠremoved	
 ﾠafter	
 ﾠsoldering.	
 ﾠ	
 ﾠ
2.3.5  “No-ﾭ‐clean”	
 ﾠfluxes	
 ﾠ
This	
 ﾠterm	
 ﾠrelates	
 ﾠto	
 ﾠfluxes	
 ﾠwhose	
 ﾠresidues	
 ﾠleft	
 ﾠis	
 ﾠkept	
 ﾠat	
 ﾠminimum	
 ﾠand,	
 ﾠtheoretically,	
 ﾠdoes	
 ﾠnot	
 ﾠneed	
 ﾠto	
 ﾠ
be	
 ﾠremoved	
 ﾠfrom	
 ﾠthe	
 ﾠPCB	
 ﾠas	
 ﾠthe	
 ﾠactive	
 ﾠagent	
 ﾠshould	
 ﾠdecompose	
 ﾠitself	
 ﾠunder	
 ﾠthe	
 ﾠinfluence	
 ﾠof	
 ﾠheat.	
 ﾠIn	
 ﾠ
these	
 ﾠtype	
 ﾠof	
 ﾠfluxes	
 ﾠthe	
 ﾠmain	
 ﾠcomponent	
 ﾠof	
 ﾠthe	
 ﾠactivator	
 ﾠis	
 ﾠa	
 ﾠweak	
 ﾠorganic	
 ﾠacid:	
 ﾠthe	
 ﾠmost	
 ﾠcommon	
 ﾠare	
 ﾠ
adipic,	
 ﾠglutaric,	
 ﾠmalic	
 ﾠor	
 ﾠsuccinic	
 ﾠacid[9].	
 ﾠAdditionally,	
 ﾠwhile	
 ﾠRosin	
 ﾠbased	
 ﾠfluxes	
 ﾠcontain	
 ﾠ15-ﾭ‐35%	
 ﾠsolids,	
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the	
 ﾠsolids	
 ﾠweight	
 ﾠcontent	
 ﾠof	
 ﾠNo-ﾭ‐Clean	
 ﾠfluxes	
 ﾠis	
 ﾠlimited	
 ﾠto	
 ﾠ2%.	
 ﾠThese	
 ﾠsystems	
 ﾠoften	
 ﾠcontain	
 ﾠcarboxylic	
 ﾠ
acid-ﾭ‐or/and	
 ﾠhalogenide	
 ﾠ(activator)	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠease	
 ﾠthe	
 ﾠremoval	
 ﾠof	
 ﾠthe	
 ﾠoxides	
 ﾠon	
 ﾠthe	
 ﾠsurfaces.	
 ﾠResin	
 ﾠin	
 ﾠ
the	
 ﾠsystem	
 ﾠprevents	
 ﾠthe	
 ﾠre-ﾭ‐oxidation	
 ﾠof	
 ﾠthe	
 ﾠcleaned	
 ﾠmetal.	
 ﾠThe	
 ﾠsolvent,	
 ﾠwhere	
 ﾠthe	
 ﾠactivator	
 ﾠand	
 ﾠthe	
 ﾠ
resin	
 ﾠare	
 ﾠdissolved,	
 ﾠis	
 ﾠtypically	
 ﾠisopropyl	
 ﾠalcohol.	
 ﾠ
2.4  Soldering	
 ﾠtechniques	
 ﾠ
The	
 ﾠmanufacturing	
 ﾠof	
 ﾠa	
 ﾠPCBA	
 ﾠrequires	
 ﾠseveral	
 ﾠsoldering	
 ﾠprocesses	
 ﾠwhich	
 ﾠcan	
 ﾠdiffer	
 ﾠwith	
 ﾠeach	
 ﾠother.	
 ﾠThe	
 ﾠ
numbers	
 ﾠ and	
 ﾠ the	
 ﾠ types	
 ﾠ of	
 ﾠ processes	
 ﾠ depend	
 ﾠ on	
 ﾠ the	
 ﾠ complexity	
 ﾠ of	
 ﾠ the	
 ﾠ architecture	
 ﾠ of	
 ﾠ the	
 ﾠ PCBA:	
 ﾠ
therefore	
 ﾠ a	
 ﾠ reflow	
 ﾠ solder	
 ﾠ process	
 ﾠ can	
 ﾠ be	
 ﾠ followed	
 ﾠ by	
 ﾠ a	
 ﾠ wave	
 ﾠ solder	
 ﾠ process	
 ﾠ and	
 ﾠ then	
 ﾠ by	
 ﾠ a	
 ﾠ hand	
 ﾠ
soldering	
 ﾠfor	
 ﾠpeculiar	
 ﾠcomponents	
 ﾠwhose	
 ﾠjoining	
 ﾠcannot	
 ﾠbe	
 ﾠautomated[24].	
 ﾠ
The	
 ﾠtechnology	
 ﾠbehind	
 ﾠhand	
 ﾠsoldering	
 ﾠ	
 ﾠis	
 ﾠthe	
 ﾠsimplest:	
 ﾠa	
 ﾠsolder	
 ﾠiron	
 ﾠis	
 ﾠused	
 ﾠto	
 ﾠmelt	
 ﾠthe	
 ﾠsolder	
 ﾠsupplied	
 ﾠ
in	
 ﾠwire	
 ﾠform.	
 ﾠThe	
 ﾠflux	
 ﾠis	
 ﾠusually	
 ﾠincorporated	
 ﾠinto	
 ﾠthe	
 ﾠwire.	
 ﾠHand-ﾭ‐soldering	
 ﾠtechniques	
 ﾠrequire	
 ﾠa	
 ﾠgreat	
 ﾠ
deal	
 ﾠof	
 ﾠskill	
 ﾠto	
 ﾠuse	
 ﾠon	
 ﾠthe	
 ﾠfinest	
 ﾠpitch	
 ﾠchip	
 ﾠpackages.	
 ﾠ
It	
 ﾠis	
 ﾠmainly	
 ﾠused	
 ﾠfor	
 ﾠprototyping	
 ﾠand	
 ﾠrepairs	
 ﾠand	
 ﾠthe	
 ﾠamount	
 ﾠof	
 ﾠresidues	
 ﾠleft	
 ﾠby	
 ﾠthis	
 ﾠprocess	
 ﾠis	
 ﾠhigher	
 ﾠ
than	
 ﾠfor	
 ﾠthe	
 ﾠothers.	
 ﾠ
2.4.1  Reflow	
 ﾠsoldering	
 ﾠ
Reflow	
 ﾠ soldering	
 ﾠ (Figure	
 ﾠ 11)	
 ﾠ is	
 ﾠ the	
 ﾠ most	
 ﾠ common	
 ﾠ method	
 ﾠ of	
 ﾠ attaching	
 ﾠ SM	
 ﾠ components	
 ﾠ to	
 ﾠ a	
 ﾠ PCB.	
 ﾠ
Through	
 ﾠthe	
 ﾠuse	
 ﾠof	
 ﾠa	
 ﾠmixture	
 ﾠof	
 ﾠpowdered	
 ﾠsolder	
 ﾠand	
 ﾠflux	
 ﾠ(solder	
 ﾠpaste)	
 ﾠand	
 ﾠcontrolled	
 ﾠheat,	
 ﾠwhich	
 ﾠ
melts	
 ﾠthe	
 ﾠsolder,	
 ﾠthe	
 ﾠjoints	
 ﾠare	
 ﾠpermanently	
 ﾠconnected	
 ﾠto	
 ﾠthe	
 ﾠpads.	
 ﾠHeat	
 ﾠsources	
 ﾠcould	
 ﾠbe	
 ﾠreflow	
 ﾠovens,	
 ﾠ
infrared	
 ﾠlamps	
 ﾠor	
 ﾠhot	
 ﾠair	
 ﾠpencils.	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ11	
 ﾠReflow	
 ﾠsoldering	
 ﾠprocess	
 ﾠ
The	
 ﾠheat	
 ﾠexposure	
 ﾠis	
 ﾠextremely	
 ﾠimportant	
 ﾠfor	
 ﾠthe	
 ﾠquality	
 ﾠof	
 ﾠthe	
 ﾠsoldering[30].	
 ﾠA	
 ﾠramp-ﾭ‐up	
 ﾠstages	
 ﾠwhere	
 ﾠ
the	
 ﾠtemperature	
 ﾠis	
 ﾠslowly	
 ﾠincreased	
 ﾠis	
 ﾠfollowed	
 ﾠby	
 ﾠa	
 ﾠstage	
 ﾠwhere	
 ﾠthe	
 ﾠtemperature	
 ﾠis	
 ﾠkept	
 ﾠconstant	
 ﾠin	
 ﾠ
order	
 ﾠ to	
 ﾠ activate	
 ﾠ the	
 ﾠ flux	
 ﾠ and	
 ﾠ etch	
 ﾠ the	
 ﾠ surface	
 ﾠ oxide	
 ﾠ film	
 ﾠ away.	
 ﾠ The	
 ﾠ temperature	
 ﾠ is	
 ﾠ then	
 ﾠ rapidly	
 ﾠ
increased	
 ﾠabove	
 ﾠthe	
 ﾠmelting	
 ﾠpoint	
 ﾠof	
 ﾠthe	
 ﾠsolder	
 ﾠalloy	
 ﾠ(220-ﾭ‐235°C)[31].	
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2.4.2  Wave	
 ﾠsoldering	
 ﾠ
Wave	
 ﾠsoldering	
 ﾠ(Figure	
 ﾠ12)	
 ﾠis	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠprimary	
 ﾠtechniques	
 ﾠused	
 ﾠfor	
 ﾠPCBs	
 ﾠmass	
 ﾠproduction	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠstill	
 ﾠ
a	
 ﾠwidely	
 ﾠutilized	
 ﾠsoldering	
 ﾠprocess.	
 ﾠThe	
 ﾠmolten	
 ﾠsolder	
 ﾠis	
 ﾠhold	
 ﾠinto	
 ﾠa	
 ﾠtank	
 ﾠand	
 ﾠthe	
 ﾠcomponents	
 ﾠare	
 ﾠ
inserted	
 ﾠinto	
 ﾠor	
 ﾠplaced	
 ﾠon	
 ﾠthe	
 ﾠPCB.	
 ﾠThe	
 ﾠwhole	
 ﾠPCB	
 ﾠis	
 ﾠthen	
 ﾠpassed	
 ﾠacross	
 ﾠa	
 ﾠpumped	
 ﾠwave	
 ﾠof	
 ﾠsolder	
 ﾠwhich	
 ﾠ
wets	
 ﾠthe	
 ﾠexposed	
 ﾠmetallic	
 ﾠareas	
 ﾠof	
 ﾠthe	
 ﾠboard,	
 ﾠcreating	
 ﾠthe	
 ﾠconnections.	
 ﾠA	
 ﾠsolder	
 ﾠmask	
 ﾠis	
 ﾠused	
 ﾠto	
 ﾠprotect	
 ﾠ
the	
 ﾠconnections	
 ﾠfrom	
 ﾠbeing	
 ﾠbridged	
 ﾠby	
 ﾠthe	
 ﾠsolder.	
 ﾠIn	
 ﾠthis	
 ﾠway	
 ﾠthe	
 ﾠconnections	
 ﾠhave	
 ﾠa	
 ﾠhigh	
 ﾠmechanical	
 ﾠ
and	
 ﾠelectrical	
 ﾠreliability[32].	
 ﾠ
The	
 ﾠcleaning	
 ﾠof	
 ﾠthe	
 ﾠlead	
 ﾠcomponents	
 ﾠand	
 ﾠplated	
 ﾠthrough-ﾭ‐holes	
 ﾠis	
 ﾠperformed	
 ﾠby	
 ﾠa	
 ﾠfluxing	
 ﾠprocess	
 ﾠapplied	
 ﾠ
to	
 ﾠthe	
 ﾠbottom	
 ﾠside	
 ﾠof	
 ﾠthe	
 ﾠassembly	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠremove	
 ﾠoxide	
 ﾠlayers	
 ﾠand	
 ﾠexpose	
 ﾠthe	
 ﾠpristine	
 ﾠmetal	
 ﾠduring	
 ﾠ
heating	
 ﾠand	
 ﾠsoldering.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ12	
 ﾠWave	
 ﾠsoldering	
 ﾠprocess	
 ﾠ
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3  Major	
 ﾠcorrosion	
 ﾠfailure	
 ﾠmechanisms	
 ﾠin	
 ﾠelectronics	
 ﾠ
The	
 ﾠcorrosion	
 ﾠinduced	
 ﾠfailure	
 ﾠon	
 ﾠelectronic	
 ﾠdevices	
 ﾠis	
 ﾠa	
 ﾠvery	
 ﾠsubtle	
 ﾠprocess,	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠvery	
 ﾠlow	
 ﾠamount	
 ﾠ
of	
 ﾠcorrosion	
 ﾠthat	
 ﾠcould	
 ﾠcreate	
 ﾠfailures.	
 ﾠ.	
 ﾠThe	
 ﾠinfluence	
 ﾠof	
 ﾠhumidity,	
 ﾠtemperature	
 ﾠand	
 ﾠcontaminants	
 ﾠplays	
 ﾠ
the	
 ﾠmain	
 ﾠrole	
 ﾠon	
 ﾠthe	
 ﾠformation	
 ﾠof	
 ﾠthe	
 ﾠthin	
 ﾠmoisture	
 ﾠlayer	
 ﾠwhich	
 ﾠinitiates	
 ﾠthe	
 ﾠcorrosion	
 ﾠfailures.	
 ﾠThe	
 ﾠmain	
 ﾠ
failure	
 ﾠmechanism	
 ﾠin	
 ﾠelectronic	
 ﾠare	
 ﾠpresented	
 ﾠin	
 ﾠthis	
 ﾠchapter,	
 ﾠtogether	
 ﾠwith	
 ﾠthe	
 ﾠgeneral	
 ﾠtheory	
 ﾠwhich	
 ﾠ
supports	
 ﾠthem.	
 ﾠ
3.1  Wet	
 ﾠcorrosion	
 ﾠ
The	
 ﾠcorrosion	
 ﾠmechanism	
 ﾠon	
 ﾠelectronic	
 ﾠdevices	
 ﾠis	
 ﾠin	
 ﾠmany	
 ﾠways	
 ﾠsimilar	
 ﾠto	
 ﾠthe	
 ﾠatmospheric	
 ﾠcorrosion	
 ﾠ
(Figure	
 ﾠ13)[33].	
 ﾠThus	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠdescribe	
 ﾠthe	
 ﾠgeneral	
 ﾠprocess	
 ﾠin	
 ﾠterms	
 ﾠof	
 ﾠwet	
 ﾠcorrosion	
 ﾠprocess.	
 ﾠ
Under	
 ﾠcertain	
 ﾠcondition	
 ﾠrelated	
 ﾠto	
 ﾠtemperature	
 ﾠand	
 ﾠhumidity,	
 ﾠa	
 ﾠmoisture	
 ﾠlayer	
 ﾠhappens	
 ﾠto	
 ﾠcondensate	
 ﾠ
on	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠan	
 ﾠelectronic	
 ﾠcomponent	
 ﾠbridging	
 ﾠtwo	
 ﾠoppositely	
 ﾠbiased	
 ﾠterminals.	
 ﾠFrom	
 ﾠthe	
 ﾠpositively	
 ﾠ
charged	
 ﾠone,	
 ﾠthe	
 ﾠanode,	
 ﾠthe	
 ﾠmetal	
 ﾠis	
 ﾠdissolved	
 ﾠand	
 ﾠtransferred	
 ﾠto	
 ﾠthe	
 ﾠsolution	
 ﾠas	
 ﾠions	
 ﾠM
2+	
 ﾠ(oxidation).	
 ﾠ
The	
 ﾠnegatively	
 ﾠcharged	
 ﾠterminal	
 ﾠis	
 ﾠcalled	
 ﾠthe	
 ﾠcathode	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠwhere	
 ﾠthe	
 ﾠreduction	
 ﾠprocess	
 ﾠoccurs:	
 ﾠthe	
 ﾠ
electrons	
 ﾠreleased	
 ﾠby	
 ﾠthe	
 ﾠanodic	
 ﾠreaction	
 ﾠare	
 ﾠconducted	
 ﾠthrough	
 ﾠthe	
 ﾠmetal	
 ﾠto	
 ﾠthe	
 ﾠcathodic	
 ﾠarea	
 ﾠwhere	
 ﾠ
they	
 ﾠare	
 ﾠconsumed	
 ﾠin	
 ﾠthe	
 ﾠcathodic	
 ﾠreaction.	
 ﾠThis	
 ﾠmoisture	
 ﾠlayer	
 ﾠis	
 ﾠthus	
 ﾠthe	
 ﾠnecessary	
 ﾠelectrolyte	
 ﾠwhich	
 ﾠ
closes	
 ﾠthe	
 ﾠelectrical	
 ﾠcircuit	
 ﾠallowing	
 ﾠthe	
 ﾠions	
 ﾠto	
 ﾠflow	
 ﾠfrom	
 ﾠthe	
 ﾠanodic	
 ﾠarea	
 ﾠto	
 ﾠthe	
 ﾠcathodic	
 ﾠarea	
 ﾠwhere	
 ﾠ
they	
 ﾠare	
 ﾠconsumed.	
 ﾠAn	
 ﾠelectrical	
 ﾠcircuit	
 ﾠhas	
 ﾠbeen	
 ﾠcreated	
 ﾠwithout	
 ﾠany	
 ﾠaccumulation	
 ﾠof	
 ﾠcharges[34].	
 ﾠ
This	
 ﾠbasic	
 ﾠcorrosion	
 ﾠprocess	
 ﾠcan	
 ﾠbe	
 ﾠdescribed	
 ﾠby	
 ﾠthe	
 ﾠfollowing	
 ﾠreaction	
 ﾠ
𝑀 → 𝑀   + 2𝑒 	
 ﾠ 	
 ﾠ 	
 ﾠ 	
 ﾠ anodic	
 ﾠreaction	
 ﾠ	
 ﾠ 	
 ﾠ Eq	
 ﾠ1	
 ﾠ
 
 𝑂  + 𝐻 𝑂 + 2𝑒  → 2𝑂𝐻 	
 ﾠ 	
 ﾠ cathodic	
 ﾠreaction	
 ﾠ 	
 ﾠ Eq	
 ﾠ2	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ13	
 ﾠAtmospheric	
 ﾠcorrosion	
 ﾠ
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It	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠmention	
 ﾠthat	
 ﾠthe	
 ﾠprevious	
 ﾠequations	
 ﾠare	
 ﾠa	
 ﾠsimplistic	
 ﾠview	
 ﾠof	
 ﾠthe	
 ﾠphenomena.	
 ﾠThe	
 ﾠpresence	
 ﾠ
of	
 ﾠan	
 ﾠapplied	
 ﾠbiased,	
 ﾠwhich	
 ﾠoften	
 ﾠexceeds	
 ﾠthe	
 ﾠequilibrium	
 ﾠpotentials	
 ﾠof	
 ﾠthe	
 ﾠmetals,	
 ﾠand	
 ﾠthe	
 ﾠresulting	
 ﾠ
high	
 ﾠ electric	
 ﾠ field	
 ﾠ between	
 ﾠ closely	
 ﾠ spaced	
 ﾠ conductors,	
 ﾠ makes	
 ﾠ indeed	
 ﾠ the	
 ﾠ previous	
 ﾠ situation	
 ﾠ more	
 ﾠ
complicated	
 ﾠand	
 ﾠdiverse[35].	
 ﾠThe	
 ﾠtransfer	
 ﾠof	
 ﾠcharges	
 ﾠfrom	
 ﾠthe	
 ﾠtwo	
 ﾠelectrodes	
 ﾠthrough	
 ﾠthe	
 ﾠelectrolyte	
 ﾠis	
 ﾠ
measured	
 ﾠas	
 ﾠa	
 ﾠleakage	
 ﾠcurrent,	
 ﾠand	
 ﾠits	
 ﾠmagnitude	
 ﾠdetermines	
 ﾠthe	
 ﾠaggressiveness	
 ﾠand	
 ﾠseverity	
 ﾠof	
 ﾠthe	
 ﾠ
corrosion	
 ﾠmechanism.	
 ﾠ
To	
 ﾠbriefly	
 ﾠsummarize	
 ﾠthe	
 ﾠgeneral	
 ﾠcorrosion	
 ﾠprocess	
 ﾠin	
 ﾠelectronic	
 ﾠdevices	
 ﾠon	
 ﾠcan	
 ﾠsay	
 ﾠthat	
 ﾠthree	
 ﾠare	
 ﾠthe	
 ﾠ
factors	
 ﾠwhich	
 ﾠconstitute	
 ﾠthe	
 ﾠprinciple	
 ﾠof	
 ﾠthe	
 ﾠcorrosion	
 ﾠcell	
 ﾠleading	
 ﾠto	
 ﾠthe	
 ﾠdegradation	
 ﾠof	
 ﾠthe	
 ﾠmetallic	
 ﾠ
components	
 ﾠon	
 ﾠa	
 ﾠPCB.	
 ﾠThese	
 ﾠare[2][10][1]:	
 ﾠ
•  A	
 ﾠpotential	
 ﾠdifference	
 ﾠ 	
 ﾠ 	
 ﾠ
•  A	
 ﾠbridging	
 ﾠelectrolyte	
 ﾠ
•  Dissolved	
 ﾠconductive	
 ﾠspecies	
 ﾠ
The	
 ﾠ first	
 ﾠ one	
 ﾠ is	
 ﾠ the	
 ﾠ driving	
 ﾠ force	
 ﾠ which	
 ﾠ moves	
 ﾠ the	
 ﾠ charged	
 ﾠ species	
 ﾠ through	
 ﾠ the	
 ﾠ second	
 ﾠ one.	
 ﾠ 	
 ﾠ The	
 ﾠ
conductive	
 ﾠspecies	
 ﾠcoming	
 ﾠfrom	
 ﾠcontaminants	
 ﾠwill	
 ﾠincrease	
 ﾠthe	
 ﾠability	
 ﾠof	
 ﾠthe	
 ﾠelectrolyte	
 ﾠto	
 ﾠcarry	
 ﾠthe	
 ﾠ
current.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠavoid	
 ﾠor	
 ﾠlimit	
 ﾠthe	
 ﾠdegradation	
 ﾠof	
 ﾠelectronic	
 ﾠcircuits,	
 ﾠthese	
 ﾠthree	
 ﾠfactors	
 ﾠhave	
 ﾠto	
 ﾠbe	
 ﾠ
minimize.	
 ﾠAmongst	
 ﾠthese	
 ﾠthe	
 ﾠcontrol	
 ﾠof	
 ﾠthe	
 ﾠcontamination	
 ﾠis	
 ﾠthe	
 ﾠmost	
 ﾠfeasible	
 ﾠand	
 ﾠeffective.	
 ﾠ
3.2  Leakage	
 ﾠcurrents	
 ﾠ
One	
 ﾠof	
 ﾠthe	
 ﾠmain	
 ﾠfactors	
 ﾠwhich	
 ﾠis	
 ﾠresponsible	
 ﾠfor	
 ﾠthe	
 ﾠmajority	
 ﾠof	
 ﾠthe	
 ﾠfailures	
 ﾠarising	
 ﾠin	
 ﾠcircuits	
 ﾠand	
 ﾠwhich	
 ﾠ	
 ﾠ
greatly	
 ﾠ influences	
 ﾠ the	
 ﾠ mechanisms	
 ﾠ of	
 ﾠ electronic	
 ﾠ corrosion	
 ﾠ is	
 ﾠ the	
 ﾠ reduction	
 ﾠ of	
 ﾠ surface	
 ﾠ insulation	
 ﾠ
resistance[36].	
 ﾠ Surface	
 ﾠ insulation	
 ﾠ resistance	
 ﾠ is	
 ﾠ a	
 ﾠ property	
 ﾠ of	
 ﾠ the	
 ﾠ material	
 ﾠ and	
 ﾠ electrode	
 ﾠ system.	
 ﾠ It	
 ﾠ
represents	
 ﾠthe	
 ﾠelectrical	
 ﾠresistance	
 ﾠbetween	
 ﾠtwo	
 ﾠelectrical	
 ﾠconductors	
 ﾠseparated	
 ﾠby	
 ﾠsome	
 ﾠdielectric	
 ﾠ
material	
 ﾠand	
 ﾠit	
 ﾠfacilitates	
 ﾠand	
 ﾠenhances	
 ﾠthe	
 ﾠconduction	
 ﾠof	
 ﾠleakage	
 ﾠcurrent,	
 ﾠwhich	
 ﾠis	
 ﾠthe	
 ﾠcurrent	
 ﾠthat	
 ﾠ
flows	
 ﾠeither	
 ﾠthrough	
 ﾠthe	
 ﾠbody	
 ﾠor	
 ﾠover	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠan	
 ﾠinsulator[9].	
 ﾠElectrons	
 ﾠare	
 ﾠresponsible	
 ﾠfor	
 ﾠthe	
 ﾠ
conduction	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠin	
 ﾠthe	
 ﾠmetallic	
 ﾠpart	
 ﾠof	
 ﾠthe	
 ﾠinsulator,	
 ﾠwhereas,	
 ﾠas	
 ﾠa	
 ﾠconsequence	
 ﾠof	
 ﾠa	
 ﾠcharge-ﾭ‐
transfer	
 ﾠ process	
 ﾠ at	
 ﾠ the	
 ﾠ electrode	
 ﾠ surface,	
 ﾠ the	
 ﾠ current	
 ﾠ is	
 ﾠ conducted	
 ﾠ by	
 ﾠ ions	
 ﾠ in	
 ﾠ the	
 ﾠ surrounding	
 ﾠ
environment.	
 ﾠ
By	
 ﾠlooking	
 ﾠat	
 ﾠthe	
 ﾠgeneral	
 ﾠprinciples	
 ﾠof	
 ﾠthe	
 ﾠcorrosion	
 ﾠprocess,	
 ﾠexplained	
 ﾠin	
 ﾠthe	
 ﾠprevious	
 ﾠparagraph,	
 ﾠthe	
 ﾠ
presence	
 ﾠof	
 ﾠa	
 ﾠleakage	
 ﾠcurrent	
 ﾠis	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠprerequisites	
 ﾠfor	
 ﾠthe	
 ﾠmechanism	
 ﾠto	
 ﾠoccur.	
 ﾠThe	
 ﾠpassage	
 ﾠof	
 ﾠa	
 ﾠ
leakage	
 ﾠcurrent	
 ﾠplays,	
 ﾠindeed,	
 ﾠa	
 ﾠdouble	
 ﾠrole:	
 ﾠon	
 ﾠone	
 ﾠside	
 ﾠit	
 ﾠmaintain	
 ﾠthe	
 ﾠcharge	
 ﾠbalance,	
 ﾠensuring	
 ﾠthat	
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the	
 ﾠprocess	
 ﾠruns	
 ﾠwithout	
 ﾠany	
 ﾠaccumulation	
 ﾠof	
 ﾠcharges;	
 ﾠon	
 ﾠthe	
 ﾠother	
 ﾠside,	
 ﾠby	
 ﾠthe	
 ﾠmotion	
 ﾠof	
 ﾠions	
 ﾠand	
 ﾠ
electrons	
 ﾠit	
 ﾠsustains	
 ﾠthe	
 ﾠdetrimental	
 ﾠcorrosion	
 ﾠreactions[37].	
 ﾠThe	
 ﾠaggressiveness	
 ﾠof	
 ﾠa	
 ﾠmedium	
 ﾠcould	
 ﾠbe	
 ﾠ
determined	
 ﾠby	
 ﾠthe	
 ﾠmeasure	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠleaking	
 ﾠfrom	
 ﾠthe	
 ﾠsolution	
 ﾠand	
 ﾠcan	
 ﾠbe	
 ﾠinterpreted	
 ﾠas	
 ﾠthe	
 ﾠ
ability	
 ﾠto	
 ﾠsustain	
 ﾠcorrosion	
 ﾠduring	
 ﾠservices.	
 ﾠThus	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠsay	
 ﾠthat	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠ
is,	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠactivity	
 ﾠof	
 ﾠthe	
 ﾠanodic/cathodic	
 ﾠreaction	
 ﾠis.	
 ﾠ
3.2.1  Factors	
 ﾠwhich	
 ﾠinfluence	
 ﾠthe	
 ﾠleakage	
 ﾠcurrents	
 ﾠ
Many	
 ﾠ are	
 ﾠ the	
 ﾠ factors	
 ﾠ which	
 ﾠ lead	
 ﾠ to	
 ﾠ a	
 ﾠ decrease	
 ﾠ of	
 ﾠ surface	
 ﾠ insulation	
 ﾠ resistance	
 ﾠ (SIR)	
 ﾠ and,	
 ﾠ as	
 ﾠ a	
 ﾠ
consequence,	
 ﾠto	
 ﾠan	
 ﾠincrease	
 ﾠin	
 ﾠleakage	
 ﾠcurrent	
 ﾠ(LC).	
 ﾠAmongst	
 ﾠthese,	
 ﾠthe	
 ﾠmost	
 ﾠimportant	
 ﾠare[2],	
 ﾠ[37],	
 ﾠ
[38]:	
 ﾠ
•  Relative	
 ﾠhumidity	
 ﾠand	
 ﾠtemperature	
 ﾠ
•  Contamination	
 ﾠ
•  Voltage	
 ﾠ
The	
 ﾠrelative	
 ﾠhumidity	
 ﾠand	
 ﾠits	
 ﾠconnection	
 ﾠto	
 ﾠthe	
 ﾠtemperature	
 ﾠdetermine	
 ﾠthe	
 ﾠvolume	
 ﾠand	
 ﾠthickness	
 ﾠof	
 ﾠthe	
 ﾠ
condensed	
 ﾠwater	
 ﾠlayer.	
 ﾠThis	
 ﾠwater	
 ﾠlayer,	
 ﾠdue	
 ﾠto	
 ﾠminiaturization	
 ﾠof	
 ﾠdevices,	
 ﾠmay	
 ﾠbe	
 ﾠsufficient	
 ﾠto	
 ﾠcreate	
 ﾠa	
 ﾠ
bridge	
 ﾠbetween	
 ﾠtwo	
 ﾠconnectors	
 ﾠand	
 ﾠform	
 ﾠa	
 ﾠpath	
 ﾠfor	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis,	
 ﾠthe	
 ﾠability	
 ﾠof	
 ﾠ
water	
 ﾠto	
 ﾠdissolve	
 ﾠionic	
 ﾠcontamination	
 ﾠcan	
 ﾠfurther	
 ﾠincrease	
 ﾠthe	
 ﾠconductivity	
 ﾠby	
 ﾠorders	
 ﾠof	
 ﾠmagnitude.	
 ﾠ
Contamination	
 ﾠhas	
 ﾠitself	
 ﾠa	
 ﾠdouble	
 ﾠeffect:	
 ﾠon	
 ﾠone	
 ﾠhand	
 ﾠionic	
 ﾠcontamination	
 ﾠleft	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠeasily	
 ﾠdissolve	
 ﾠ
in	
 ﾠthe	
 ﾠcondensed	
 ﾠlayer	
 ﾠof	
 ﾠwater	
 ﾠincreasing	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠthe	
 ﾠmedium	
 ﾠand	
 ﾠthus	
 ﾠits	
 ﾠaggressiveness;	
 ﾠ
on	
 ﾠthe	
 ﾠother	
 ﾠhand,	
 ﾠin	
 ﾠform	
 ﾠof	
 ﾠinorganic	
 ﾠsalts,	
 ﾠit	
 ﾠdecreases	
 ﾠthe	
 ﾠrelative	
 ﾠhumidity	
 ﾠof	
 ﾠthe	
 ﾠsurface	
 ﾠdue	
 ﾠto	
 ﾠ
their	
 ﾠ hygroscopic	
 ﾠ nature.	
 ﾠ The	
 ﾠ origin	
 ﾠ and	
 ﾠ the	
 ﾠ sources	
 ﾠ of	
 ﾠ contamination	
 ﾠ will	
 ﾠ be	
 ﾠ better	
 ﾠ explained	
 ﾠ in	
 ﾠ
Chapter	
 ﾠ4.	
 ﾠThe	
 ﾠprevious	
 ﾠissues	
 ﾠwill	
 ﾠresult	
 ﾠin	
 ﾠmalfunctioning	
 ﾠof	
 ﾠPCBAs	
 ﾠand	
 ﾠsignal	
 ﾠalteration,	
 ﾠreducing	
 ﾠthe	
 ﾠ
performances	
 ﾠof	
 ﾠthe	
 ﾠdevice.	
 ﾠThis	
 ﾠcan	
 ﾠbe	
 ﾠpermanent	
 ﾠor	
 ﾠdisappear	
 ﾠas	
 ﾠthe	
 ﾠcondensed	
 ﾠwater	
 ﾠevaporates,	
 ﾠ
making	
 ﾠthe	
 ﾠphenomenon	
 ﾠmore	
 ﾠproblematic	
 ﾠto	
 ﾠidentify.	
 ﾠThe	
 ﾠvoltage	
 ﾠis	
 ﾠthe	
 ﾠdriving	
 ﾠforce	
 ﾠfor	
 ﾠthe	
 ﾠions	
 ﾠto	
 ﾠ
flow	
 ﾠthrough	
 ﾠthe	
 ﾠmedium,	
 ﾠand	
 ﾠif	
 ﾠsufficient	
 ﾠhigh	
 ﾠit	
 ﾠcan	
 ﾠincrease	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠby	
 ﾠenhancing	
 ﾠthe	
 ﾠ
anodic	
 ﾠor	
 ﾠcathodic	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠmetal.	
 ﾠ
To	
 ﾠ briefly	
 ﾠ summarize,	
 ﾠ the	
 ﾠ decrease	
 ﾠ of	
 ﾠ SIR	
 ﾠ and	
 ﾠ increase	
 ﾠ of	
 ﾠ LC	
 ﾠ while	
 ﾠ on	
 ﾠ one	
 ﾠ side	
 ﾠ it	
 ﾠ influences	
 ﾠ the	
 ﾠ
performance	
 ﾠof	
 ﾠelectronics	
 ﾠdevices	
 ﾠby	
 ﾠsignal	
 ﾠalterations,	
 ﾠinterruptions	
 ﾠand	
 ﾠso	
 ﾠon,	
 ﾠon	
 ﾠthe	
 ﾠother	
 ﾠside	
 ﾠit	
 ﾠis	
 ﾠa	
 ﾠ
prerequisites	
 ﾠ mechanism	
 ﾠ for	
 ﾠ typical	
 ﾠ electronic	
 ﾠ failures,	
 ﾠ which	
 ﾠ will	
 ﾠ be	
 ﾠ discussed	
 ﾠ in	
 ﾠ the	
 ﾠ following	
 ﾠ
paragraph	
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3.3  Cathodic	
 ﾠcorrosion	
 ﾠ
Metals,	
 ﾠlike	
 ﾠAl	
 ﾠand	
 ﾠSn,	
 ﾠwhich	
 ﾠare	
 ﾠthermodynamically	
 ﾠunstable	
 ﾠin	
 ﾠalkaline	
 ﾠenvironment,	
 ﾠare	
 ﾠsensitive	
 ﾠto	
 ﾠ
dissolution	
 ﾠdue	
 ﾠto	
 ﾠcathodic	
 ﾠcorrosion.	
 ﾠAs	
 ﾠit	
 ﾠis	
 ﾠa	
 ﾠcathodic	
 ﾠmechanism	
 ﾠit	
 ﾠinvolves	
 ﾠa	
 ﾠreduction	
 ﾠprocess	
 ﾠ
occurring	
 ﾠon	
 ﾠthe	
 ﾠnegatively	
 ﾠcharged	
 ﾠelectrode,	
 ﾠthus	
 ﾠthe	
 ﾠcathode,	
 ﾠand,	
 ﾠdepending	
 ﾠon	
 ﾠthe	
 ﾠchemistry	
 ﾠof	
 ﾠ
the	
 ﾠsolution,	
 ﾠit	
 ﾠcan	
 ﾠconsist	
 ﾠof	
 ﾠseveral	
 ﾠchatodic	
 ﾠreactions,	
 ﾠnamely	
 ﾠoxygen	
 ﾠ(Eq.2)	
 ﾠand	
 ﾠsolvent	
 ﾠ(water)	
 ﾠ
reduction	
 ﾠ(Eq.3).	
 ﾠThe	
 ﾠformer	
 ﾠone	
 ﾠis	
 ﾠsupported	
 ﾠby	
 ﾠcontinuous	
 ﾠdissociation	
 ﾠof	
 ﾠwater[34]:	
 ﾠ
	
 ﾠ
	
 ﾠ
	
 ﾠ 	
 ﾠ 	
 ﾠ 4H2O	
 ﾠ￠	
 ﾠ4H
+	
 ﾠ+	
 ﾠ4OH
-ﾭ‐	
 ﾠ 	
 ﾠ
	
 ﾠ 	
 ﾠ 	
 ﾠ O2	
 ﾠ+	
 ﾠ4H
+	
 ﾠ+	
 ﾠ4e
-ﾭ‐	
 ﾠ￠	
 ﾠ2H2O	
 ﾠ
	
 ﾠ 	
 ﾠ 	
 ﾠ _____________________________	
 ﾠ
Total	
 ﾠreaction:	
 ﾠ 	
 ﾠ O2	
 ﾠ+	
 ﾠ2H2O	
 ﾠ+	
 ﾠ4e
-ﾭ‐￠	
 ﾠ4OH
-ﾭ‐	
 ﾠ 	
 ﾠ 	
 ﾠ 	
 ﾠ Eq.2	
 ﾠ
	
 ﾠ
The	
 ﾠlatter	
 ﾠone	
 ﾠleads	
 ﾠto	
 ﾠan	
 ﾠincrease	
 ﾠof	
 ﾠhydrogen	
 ﾠgas	
 ﾠin	
 ﾠthe	
 ﾠsolution:	
 ﾠ
	
 ﾠ
	
 ﾠ 	
 ﾠ 	
 ﾠ 2H2O	
 ﾠ+	
 ﾠ2e
-ﾭ‐￠	
 ﾠ2OH
-ﾭ‐	
 ﾠ+	
 ﾠ2H2	
 ﾠ 	
 ﾠ 	
 ﾠ Eq	
 ﾠ3	
 ﾠ
	
 ﾠ
Both	
 ﾠthese	
 ﾠcathodic	
 ﾠreaction	
 ﾠlead	
 ﾠto	
 ﾠformation	
 ﾠof	
 ﾠOH
-ﾭ‐	
 ﾠwhich	
 ﾠincrease	
 ﾠs	
 ﾠthe	
 ﾠpH	
 ﾠof	
 ﾠthe	
 ﾠsolution,	
 ﾠcreating	
 ﾠa	
 ﾠ
highly	
 ﾠ alkaline	
 ﾠ environment	
 ﾠ near	
 ﾠ the	
 ﾠ cathode[2].	
 ﾠ Depending	
 ﾠ on	
 ﾠ the	
 ﾠ stability	
 ﾠ of	
 ﾠ the	
 ﾠ metal/alloy	
 ﾠ in	
 ﾠ
alkaline	
 ﾠcondition,	
 ﾠthe	
 ﾠincrease	
 ﾠin	
 ﾠpH	
 ﾠcan	
 ﾠcause	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠmaterial	
 ﾠconstituting	
 ﾠthe	
 ﾠcathode[35].	
 ﾠ	
 ﾠ
By	
 ﾠ looking	
 ﾠ at	
 ﾠ the	
 ﾠ Pourbaix	
 ﾠ diagrams	
 ﾠ for	
 ﾠ Al	
 ﾠ (Figure	
 ﾠ 14)	
 ﾠ it	
 ﾠ is	
 ﾠ possible	
 ﾠ to	
 ﾠ notice	
 ﾠ how	
 ﾠ this	
 ﾠ alkaline	
 ﾠ
environment	
 ﾠcan	
 ﾠdissolve	
 ﾠthe	
 ﾠpassivating	
 ﾠAl2O3	
 ﾠlayer	
 ﾠon	
 ﾠthe	
 ﾠaluminum,	
 ﾠwhich	
 ﾠcan	
 ﾠutterly	
 ﾠdissolve	
 ﾠas	
 ﾠ
Al(OH)4
-ﾭ‐	
 ﾠwhich	
 ﾠdeposits	
 ﾠon	
 ﾠthe	
 ﾠcomponent.	
 ﾠDue	
 ﾠto	
 ﾠits	
 ﾠhigher	
 ﾠresistance	
 ﾠthis	
 ﾠcan	
 ﾠlead	
 ﾠto	
 ﾠoverheating	
 ﾠof	
 ﾠ
the	
 ﾠconductor,	
 ﾠor	
 ﾠit	
 ﾠcan	
 ﾠresult	
 ﾠin	
 ﾠan	
 ﾠopen	
 ﾠcircuit	
 ﾠcausing	
 ﾠfailure.	
 ﾠSimilar	
 ﾠmechanism	
 ﾠcan	
 ﾠinvolve	
 ﾠtin	
 ﾠwhich	
 ﾠ
dissolves	
 ﾠin	
 ﾠhydroxides	
 ﾠSn(OH)6
-ﾭ‐[39].	
 ﾠRiccardo	
 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
	
 ﾠ
29	
 ﾠ
Danmark	
 ﾠTekniske	
 ﾠUniversitet	
 ﾠ–	
 ﾠUniversità	
 ﾠdegli	
 ﾠStudi	
 ﾠdi	
 ﾠPadova	
 ﾠ
	
 ﾠ
Figure	
 ﾠ14	
 ﾠPourbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠaluminum	
 ﾠ
	
 ﾠ
3.4  Galvanic	
 ﾠcorrosion	
 ﾠ
Electronic	
 ﾠdevices	
 ﾠare	
 ﾠbecoming	
 ﾠmore	
 ﾠand	
 ﾠmore	
 ﾠcomplex,	
 ﾠboth	
 ﾠfrom	
 ﾠthe	
 ﾠarchitectural	
 ﾠpoint	
 ﾠof	
 ﾠview	
 ﾠof	
 ﾠ
the	
 ﾠ PCB	
 ﾠ and	
 ﾠ the	
 ﾠ materials	
 ﾠ used	
 ﾠ for	
 ﾠ the	
 ﾠ components.	
 ﾠ New	
 ﾠ materials	
 ﾠ are	
 ﾠ introduced	
 ﾠ and,	
 ﾠ overall,	
 ﾠ
combinations	
 ﾠof	
 ﾠmaterials	
 ﾠare	
 ﾠselected	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠachieve	
 ﾠthe	
 ﾠrequested	
 ﾠperformances	
 ﾠ(Appendix	
 ﾠI)	
 ﾠ[2]	
 ﾠ
When	
 ﾠdissimilar	
 ﾠmetallic	
 ﾠmaterials	
 ﾠare	
 ﾠcoupled	
 ﾠtogether	
 ﾠ(Figure	
 ﾠ15),	
 ﾠelectrochemical	
 ﾠreactions,	
 ﾠwhich	
 ﾠ
bring	
 ﾠto	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠmetals,	
 ﾠtake	
 ﾠplace	
 ﾠleading	
 ﾠto	
 ﾠthe	
 ﾠmalfunctioning	
 ﾠof	
 ﾠthe	
 ﾠdevice.	
 ﾠThe	
 ﾠ
driving	
 ﾠforce	
 ﾠfor	
 ﾠthis	
 ﾠcorrosion	
 ﾠprocess	
 ﾠis	
 ﾠthe	
 ﾠdifferent	
 ﾠelectrochemical	
 ﾠequilibrium	
 ﾠpotentials	
 ﾠbetween	
 ﾠ
the	
 ﾠtwo	
 ﾠmetals	
 ﾠin	
 ﾠcontact	
 ﾠwith	
 ﾠeach	
 ﾠother[34].	
 ﾠThis	
 ﾠequilibrium	
 ﾠpotential	
 ﾠrepresents	
 ﾠthe	
 ﾠtendency	
 ﾠof	
 ﾠ
one	
 ﾠmetal	
 ﾠto	
 ﾠform	
 ﾠions	
 ﾠduring	
 ﾠelectrochemical	
 ﾠreactions:	
 ﾠa	
 ﾠlow	
 ﾠelectrochemical	
 ﾠpotential	
 ﾠmeans	
 ﾠthat	
 ﾠa	
 ﾠ
metal	
 ﾠreadily	
 ﾠdissolves	
 ﾠinto	
 ﾠions.	
 ﾠStable	
 ﾠmetals	
 ﾠare	
 ﾠthus	
 ﾠcharacterized	
 ﾠby	
 ﾠhigh	
 ﾠpotentials,	
 ﾠand	
 ﾠthe	
 ﾠhigher	
 ﾠ
the	
 ﾠpotential	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠ“nobility”	
 ﾠof	
 ﾠthe	
 ﾠmetal.	
 ﾠ	
 ﾠDue	
 ﾠto	
 ﾠfrequent	
 ﾠand	
 ﾠlarge	
 ﾠcombination	
 ﾠof	
 ﾠdissimilar	
 ﾠ
metallic	
 ﾠmaterials	
 ﾠto	
 ﾠproduce	
 ﾠcomponent	
 ﾠfor	
 ﾠelectronic	
 ﾠdevices,	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠis,	
 ﾠthus,	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠ
most	
 ﾠcommon	
 ﾠcorrosion	
 ﾠmechanisms	
 ﾠin	
 ﾠelectronics[36].	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ15	
 ﾠGalvanic	
 ﾠcorrosion:	
 ﾠmetal	
 ﾠA,	
 ﾠless	
 ﾠnoble,	
 ﾠacts	
 ﾠas	
 ﾠthe	
 ﾠanode;	
 ﾠmetal	
 ﾠB,	
 ﾠmore	
 ﾠnoble,	
 ﾠacts	
 ﾠas	
 ﾠa	
 ﾠcathode	
 ﾠ
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When	
 ﾠa	
 ﾠmetallic	
 ﾠcontact	
 ﾠis	
 ﾠmade	
 ﾠbetween	
 ﾠa	
 ﾠmore	
 ﾠnoble	
 ﾠmetal	
 ﾠand	
 ﾠa	
 ﾠless	
 ﾠnoble	
 ﾠone,	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate	
 ﾠ
will	
 ﾠincrease	
 ﾠon	
 ﾠthe	
 ﾠlatter	
 ﾠand	
 ﾠdecrease	
 ﾠon	
 ﾠthe	
 ﾠformer,	
 ﾠresulting	
 ﾠ	
 ﾠin	
 ﾠthe	
 ﾠcorrosion	
 ﾠof	
 ﾠthe	
 ﾠless	
 ﾠnoble	
 ﾠone,	
 ﾠ
which	
 ﾠwill	
 ﾠact	
 ﾠas	
 ﾠthe	
 ﾠanode	
 ﾠof	
 ﾠthe	
 ﾠreaction.	
 ﾠA	
 ﾠnecessary	
 ﾠcondition	
 ﾠis	
 ﾠthat	
 ﾠthe	
 ﾠcircuit	
 ﾠis	
 ﾠclosed	
 ﾠby	
 ﾠan	
 ﾠ
electrolytic	
 ﾠconnection[2],	
 ﾠ[10],	
 ﾠ[34],	
 ﾠ[39].	
 ﾠ
3.4.1  Series	
 ﾠof	
 ﾠstandard	
 ﾠpotentials	
 ﾠ
A	
 ﾠgeneral	
 ﾠoverview	
 ﾠfor	
 ﾠthe	
 ﾠestimation	
 ﾠof	
 ﾠthe	
 ﾠrisk	
 ﾠof	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠfor	
 ﾠdifferent	
 ﾠmetals	
 ﾠcan	
 ﾠbe	
 ﾠgiven	
 ﾠ
by	
 ﾠthe	
 ﾠseries	
 ﾠof	
 ﾠstandard	
 ﾠreversible	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠvarious	
 ﾠmetals.	
 ﾠTable	
 ﾠ1	
 ﾠlists	
 ﾠthe	
 ﾠstandard	
 ﾠelectrode	
 ﾠ
potentials	
 ﾠfor	
 ﾠvarious	
 ﾠmetals	
 ﾠused	
 ﾠin	
 ﾠelectronics	
 ﾠat	
 ﾠ25°C.	
 ﾠThe	
 ﾠtendency	
 ﾠfor	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠincreases	
 ﾠ
with	
 ﾠthe	
 ﾠpotential	
 ﾠdifference,	
 ﾠthus	
 ﾠmetals	
 ﾠclose	
 ﾠto	
 ﾠeach	
 ﾠother	
 ﾠ(e.g.	
 ﾠtin	
 ﾠand	
 ﾠlead)	
 ﾠdo	
 ﾠnot	
 ﾠhave	
 ﾠa	
 ﾠstrong	
 ﾠ
effect	
 ﾠto	
 ﾠone	
 ﾠanother,	
 ﾠwhile	
 ﾠmetals	
 ﾠlike	
 ﾠgold	
 ﾠand	
 ﾠcopper	
 ﾠhave	
 ﾠa	
 ﾠhigher	
 ﾠdriving	
 ﾠforce	
 ﾠwhich	
 ﾠwill	
 ﾠlead	
 ﾠto	
 ﾠ
the	
 ﾠcorrosion	
 ﾠof	
 ﾠthe	
 ﾠless	
 ﾠnoble	
 ﾠone	
 ﾠ(Cu).	
 ﾠIt	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠmention	
 ﾠthat	
 ﾠthe	
 ﾠseries	
 ﾠof	
 ﾠpotential	
 ﾠexpress	
 ﾠonly	
 ﾠ
thermodynamic	
 ﾠ properties,	
 ﾠ which	
 ﾠ do	
 ﾠ not	
 ﾠ tell	
 ﾠ anything	
 ﾠ about	
 ﾠ the	
 ﾠ reaction	
 ﾠ rate	
 ﾠ (e.g.	
 ﾠ passivation	
 ﾠ
tendencies	
 ﾠare	
 ﾠnot	
 ﾠtaken	
 ﾠinto	
 ﾠaccount)[34].	
 ﾠ
Another	
 ﾠcrucial	
 ﾠfactor	
 ﾠfor	
 ﾠthe	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠis	
 ﾠthe	
 ﾠarea	
 ﾠratio	
 ﾠbetween	
 ﾠthe	
 ﾠmetals	
 ﾠin	
 ﾠthe	
 ﾠgalvanic	
 ﾠ
couple,	
 ﾠwhich	
 ﾠplay	
 ﾠa	
 ﾠsignificant	
 ﾠrole	
 ﾠfor	
 ﾠthe	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠrate.	
 ﾠIf	
 ﾠthe	
 ﾠcathodic	
 ﾠarea	
 ﾠAc	
 ﾠis	
 ﾠmuch	
 ﾠlarger	
 ﾠ
than	
 ﾠthe	
 ﾠanodic	
 ﾠarea	
 ﾠAa,	
 ﾠmeaning	
 ﾠa	
 ﾠlarge	
 ﾠarea	
 ﾠratio	
 ﾠAc/	
 ﾠAa,the	
 ﾠcorrosion	
 ﾠrate	
 ﾠof	
 ﾠthe	
 ﾠless	
 ﾠnoble	
 ﾠmaterial	
 ﾠ
may	
 ﾠincrease	
 ﾠstrongly,	
 ﾠeven	
 ﾠwith	
 ﾠsmall	
 ﾠdifferences	
 ﾠbetween	
 ﾠthe	
 ﾠcorrosion	
 ﾠpotentials	
 ﾠof	
 ﾠthe	
 ﾠseparate	
 ﾠ
materials.	
 ﾠ
	
 ﾠ
Table	
 ﾠ1	
 ﾠStandard	
 ﾠelectrode	
 ﾠpotentials	
 ﾠat	
 ﾠ25	
 ﾠ°C	
 ﾠ
Element	
 ﾠ Chemical	
 ﾠReaction	
 ﾠ Potential	
 ﾠ(V)	
 ﾠ
Gold	
 ﾠ Au	
 ﾠ￠Au
3+	
 ﾠ+	
 ﾠ3e
-ﾭ‐	
 ﾠ 1.50	
 ﾠ	
 ﾠ
Silver	
 ﾠ Ag	
 ﾠ￠Ag
+	
 ﾠ	
 ﾠ+	
 ﾠe
-ﾭ‐	
 ﾠ 0.80	
 ﾠ
Copper	
 ﾠ Cu	
 ﾠ￠	
 ﾠCu
2+	
 ﾠ	
 ﾠ+	
 ﾠ	
 ﾠ2
e-ﾭ‐	
 ﾠ 0.34	
 ﾠ
Lead	
 ﾠ	
 ﾠ Pb	
 ﾠ￠	
 ﾠPb
2+	
 ﾠ	
 ﾠ+	
 ﾠ	
 ﾠ2
e-ﾭ‐	
 ﾠ -ﾭ‐0.13	
 ﾠ
Tin	
 ﾠ Sn	
 ﾠ￠	
 ﾠSn
2+	
 ﾠ	
 ﾠ+	
 ﾠ	
 ﾠ2
e-ﾭ‐	
 ﾠ -ﾭ‐0.14	
 ﾠ
Nickel	
 ﾠ Ni	
 ﾠ￠	
 ﾠNi
2+	
 ﾠ	
 ﾠ+	
 ﾠ	
 ﾠ2
e-ﾭ‐	
 ﾠ -ﾭ‐0.25	
 ﾠ
Iron	
 ﾠ Fe	
 ﾠ￠Fe
2+	
 ﾠ	
 ﾠ+	
 ﾠ2
e-ﾭ‐	
 ﾠ -ﾭ‐0.44	
 ﾠ
Chromium	
 ﾠ Cr	
 ﾠ￠	
 ﾠCr
3+	
 ﾠ	
 ﾠ+	
 ﾠ3e
-ﾭ‐	
 ﾠ -ﾭ‐0.74	
 ﾠ
Aluminum	
 ﾠ Al	
 ﾠ￠	
 ﾠ	
 ﾠAl
3+	
 ﾠ	
 ﾠ+	
 ﾠ3e
-ﾭ‐	
 ﾠ -ﾭ‐1.66	
 ﾠ
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 ﾠ
In	
 ﾠelectronic	
 ﾠsystems,	
 ﾠgalvanic	
 ﾠcorrosion	
 ﾠoccurs	
 ﾠoften	
 ﾠin	
 ﾠconnectors	
 ﾠand	
 ﾠswitches,	
 ﾠas	
 ﾠthey	
 ﾠare	
 ﾠcommonly	
 ﾠ
made	
 ﾠ of	
 ﾠ multi-ﾭ‐layer	
 ﾠ metallic	
 ﾠ coatings	
 ﾠ [2],	
 ﾠ [10],	
 ﾠ with	
 ﾠ different	
 ﾠ electrochemical	
 ﾠ properties.	
 ﾠ A	
 ﾠ typical	
 ﾠ
example	
 ﾠis	
 ﾠthe	
 ﾠENIG	
 ﾠlayers	
 ﾠon	
 ﾠtop	
 ﾠof	
 ﾠcopper	
 ﾠmetallization	
 ﾠon	
 ﾠPCBs,	
 ﾠwhere	
 ﾠthe	
 ﾠnickel	
 ﾠlayer	
 ﾠplays	
 ﾠa	
 ﾠbarrier	
 ﾠ
role	
 ﾠagainst	
 ﾠcopper-ﾭ‐gold	
 ﾠinter-ﾭ‐diffusion.	
 ﾠAs	
 ﾠlong	
 ﾠas	
 ﾠthe	
 ﾠgolden	
 ﾠtop	
 ﾠlayer	
 ﾠis	
 ﾠwithout	
 ﾠdefects	
 ﾠor	
 ﾠporosities,	
 ﾠ
the	
 ﾠunderlying	
 ﾠlayers	
 ﾠof	
 ﾠnickel	
 ﾠor	
 ﾠcopper	
 ﾠdo	
 ﾠnot	
 ﾠundergo	
 ﾠany	
 ﾠgalvanic	
 ﾠcorrosion.	
 ﾠOtherwise	
 ﾠthe	
 ﾠlarge	
 ﾠ
difference	
 ﾠin	
 ﾠelectrochemical	
 ﾠpotential	
 ﾠbetween	
 ﾠNi	
 ﾠand	
 ﾠAu	
 ﾠcause	
 ﾠthe	
 ﾠcorrosion	
 ﾠof	
 ﾠthe	
 ﾠformer	
 ﾠone,	
 ﾠwhile	
 ﾠ
the	
 ﾠAu	
 ﾠacts	
 ﾠas	
 ﾠa	
 ﾠpowerful	
 ﾠcathode.	
 ﾠAs	
 ﾠthe	
 ﾠcorrosion	
 ﾠproceeds,	
 ﾠthe	
 ﾠpitting	
 ﾠof	
 ﾠthe	
 ﾠNi	
 ﾠlayer	
 ﾠexposes	
 ﾠCu	
 ﾠat	
 ﾠ
deep	
 ﾠpit	
 ﾠareas,	
 ﾠdamaging	
 ﾠthe	
 ﾠdevice.	
 ﾠ
	
 ﾠ
3.5  Anodic	
 ﾠcorrosion	
 ﾠand	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠ
When	
 ﾠthe	
 ﾠapplied	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠanode	
 ﾠis	
 ﾠraised	
 ﾠabove	
 ﾠthe	
 ﾠequilibrium	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠmetal	
 ﾠis	
 ﾠa	
 ﾠ
specific	
 ﾠenvironment,	
 ﾠthe	
 ﾠanode	
 ﾠmaterial	
 ﾠbecomes	
 ﾠthermodynamically	
 ﾠunstable.	
 ﾠThe	
 ﾠmetal	
 ﾠcan	
 ﾠeither	
 ﾠ
form	
 ﾠa	
 ﾠmetal-ﾭ‐oxide	
 ﾠlayer	
 ﾠon	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠanode	
 ﾠby	
 ﾠreacting	
 ﾠwith	
 ﾠthe	
 ﾠH2O	
 ﾠof	
 ﾠthe	
 ﾠelectrolyte,	
 ﾠor	
 ﾠ
dissolves	
 ﾠ as	
 ﾠ metal	
 ﾠ ion	
 ﾠ M
n+	
 ﾠ according	
 ﾠ to	
 ﾠ Eq.1.	
 ﾠ These	
 ﾠ ions	
 ﾠ or	
 ﾠ their	
 ﾠ salts	
 ﾠ can	
 ﾠ migrate	
 ﾠ through	
 ﾠ the	
 ﾠ
electrolyte	
 ﾠand	
 ﾠbe	
 ﾠreduced	
 ﾠat	
 ﾠthe	
 ﾠcathode[10],	
 ﾠ[40].	
 ﾠThis	
 ﾠdeposition	
 ﾠof	
 ﾠmetals	
 ﾠor	
 ﾠtheir	
 ﾠsalts	
 ﾠis	
 ﾠtermed	
 ﾠ
electrolytic	
 ﾠmigration	
 ﾠand	
 ﾠcan	
 ﾠcause	
 ﾠshort-ﾭ‐circuiting	
 ﾠand	
 ﾠmalfunctioning	
 ﾠin	
 ﾠthe	
 ﾠsystem.	
 ﾠThe	
 ﾠelectrolytic	
 ﾠ
migration	
 ﾠit	
 ﾠis	
 ﾠthus	
 ﾠan	
 ﾠelectrochemical	
 ﾠphenomenon	
 ﾠwhich	
 ﾠinvolves	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠanode	
 ﾠand	
 ﾠ
deposition	
 ﾠ at	
 ﾠ the	
 ﾠ cathode.	
 ﾠ However,	
 ﾠ only	
 ﾠ some	
 ﾠ metals	
 ﾠ can	
 ﾠ cause	
 ﾠ electrochemical	
 ﾠ migration	
 ﾠ and	
 ﾠ
whether	
 ﾠ a	
 ﾠ metal	
 ﾠ shows	
 ﾠ ECM	
 ﾠ or	
 ﾠ not	
 ﾠ depends	
 ﾠ on	
 ﾠ the	
 ﾠ thermodynamic	
 ﾠ stability	
 ﾠ of	
 ﾠ the	
 ﾠ metal	
 ﾠ ions	
 ﾠ in	
 ﾠ
solution	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠpH	
 ﾠand	
 ﾠrelative	
 ﾠdeposition	
 ﾠpotential	
 ﾠin	
 ﾠcomparison	
 ﾠwith	
 ﾠhydrogen	
 ﾠovervoltage.	
 ﾠ
Therefore,	
 ﾠonly	
 ﾠmetals	
 ﾠlike	
 ﾠSn,	
 ﾠPb,	
 ﾠCu,	
 ﾠAg,	
 ﾠand	
 ﾠAu	
 ﾠshows	
 ﾠECM	
 ﾠon	
 ﾠPCBAs,	
 ﾠwhile	
 ﾠother	
 ﾠmetals	
 ﾠfor	
 ﾠeg.	
 ﾠAl,	
 ﾠ
Fe,	
 ﾠNi	
 ﾠetc.	
 ﾠshows	
 ﾠsimple	
 ﾠanodic	
 ﾠdissolution.	
 ﾠThe	
 ﾠmechanism	
 ﾠof	
 ﾠECM	
 ﾠis	
 ﾠcontrolled	
 ﾠby	
 ﾠthe	
 ﾠchemistry	
 ﾠof	
 ﾠthe	
 ﾠ
solution,	
 ﾠ the	
 ﾠ pH	
 ﾠ and	
 ﾠ the	
 ﾠ electric	
 ﾠ potential.	
 ﾠ An	
 ﾠ adsorbed	
 ﾠ surface	
 ﾠ layer	
 ﾠ of	
 ﾠ water	
 ﾠ on	
 ﾠ the	
 ﾠ component	
 ﾠ
provides	
 ﾠ the	
 ﾠ necessary	
 ﾠ electrolyte,	
 ﾠ whose	
 ﾠ formation	
 ﾠ can	
 ﾠ be	
 ﾠ enhanced	
 ﾠ by	
 ﾠ charged	
 ﾠ particles	
 ﾠ and	
 ﾠ
hygroscopic	
 ﾠcontaminants[11].	
 ﾠ	
 ﾠ
	
 ﾠ
The	
 ﾠwhole	
 ﾠprocess	
 ﾠinvolves	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠmetal	
 ﾠat	
 ﾠthe	
 ﾠanode	
 ﾠmigration	
 ﾠof	
 ﾠits	
 ﾠions	
 ﾠthrough	
 ﾠthe	
 ﾠ
electrolyte	
 ﾠand	
 ﾠdeposition	
 ﾠat	
 ﾠthe	
 ﾠcathode	
 ﾠ(Figure	
 ﾠ16).	
 ﾠ
	
 ﾠ
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 ﾠ
M	
 ﾠ￠	
 ﾠM
n+	
 ﾠ+	
 ﾠne
-ﾭ‐	
 ﾠ 	
 ﾠ Dissolution	
 ﾠat	
 ﾠthe	
 ﾠanode,	
 ﾠor	
 ﾠpositive	
 ﾠelectrode	
 ﾠ	
 ﾠ
M
n+	
 ﾠ+	
 ﾠne
-ﾭ‐￠	
 ﾠM	
 ﾠ 	
 ﾠ Deposition	
 ﾠat	
 ﾠthe	
 ﾠcathode,	
 ﾠor	
 ﾠnegative	
 ﾠelectrode	
 ﾠ 	
 ﾠ 	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ16Schematic	
 ﾠrepresentation	
 ﾠof	
 ﾠECM	
 ﾠ(on	
 ﾠthe	
 ﾠleft)	
 ﾠand	
 ﾠa	
 ﾠfield	
 ﾠcase	
 ﾠ(on	
 ﾠthe	
 ﾠright)[10]	
 ﾠ
	
 ﾠ
Due	
 ﾠ to	
 ﾠ the	
 ﾠ resistance	
 ﾠ within	
 ﾠ the	
 ﾠ thin	
 ﾠ solution	
 ﾠ layer,	
 ﾠ a	
 ﾠ significant	
 ﾠ current	
 ﾠ localization	
 ﾠ occurs	
 ﾠ at	
 ﾠ the	
 ﾠ
electrode	
 ﾠsurface:	
 ﾠthe	
 ﾠmetal	
 ﾠions	
 ﾠdeposition	
 ﾠwill	
 ﾠthus	
 ﾠnot	
 ﾠbe	
 ﾠuniformed	
 ﾠbut	
 ﾠpreferential,	
 ﾠand	
 ﾠdendrites	
 ﾠ
will	
 ﾠgrow	
 ﾠfrom	
 ﾠcathode	
 ﾠtowards	
 ﾠanode.	
 ﾠWhen	
 ﾠthe	
 ﾠelectrode	
 ﾠgap	
 ﾠis	
 ﾠfilled	
 ﾠa	
 ﾠsudden	
 ﾠrise	
 ﾠin	
 ﾠthe	
 ﾠleakage	
 ﾠ
current	
 ﾠis	
 ﾠobserved,	
 ﾠlowering	
 ﾠthe	
 ﾠSIR	
 ﾠby	
 ﾠseveral	
 ﾠdecades.	
 ﾠWhen	
 ﾠfew	
 ﾠdendrites	
 ﾠare	
 ﾠgrowing,	
 ﾠthe	
 ﾠlarge	
 ﾠ
current	
 ﾠpassing	
 ﾠthrough	
 ﾠthem	
 ﾠ burns	
 ﾠoff	
 ﾠthe	
 ﾠdendrites	
 ﾠvery	
 ﾠfast,	
 ﾠgiving	
 ﾠa	
 ﾠtemporary	
 ﾠshort-ﾭ‐cut,	
 ﾠuntil	
 ﾠ
several	
 ﾠdendrites	
 ﾠmake	
 ﾠcontact	
 ﾠsimultaneously	
 ﾠand	
 ﾠdivides	
 ﾠthe	
 ﾠshort-ﾭ‐circuiting	
 ﾠcurrent	
 ﾠwithin	
 ﾠthem,	
 ﾠ
allowing	
 ﾠthe	
 ﾠdendrites	
 ﾠto	
 ﾠpersist[9],	
 ﾠ[10],	
 ﾠ[40].	
 ﾠ
3.5.1  Factors	
 ﾠinfluencing	
 ﾠECM	
 ﾠ
The	
 ﾠpossibility	
 ﾠof	
 ﾠECM	
 ﾠfor	
 ﾠa	
 ﾠspecific	
 ﾠmetal	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠstability	
 ﾠof	
 ﾠthe	
 ﾠions	
 ﾠin	
 ﾠaqueous	
 ﾠsolution	
 ﾠand	
 ﾠ
deposition	
 ﾠpotential	
 ﾠrelative	
 ﾠto	
 ﾠthe	
 ﾠhydrogen	
 ﾠoverpotential;	
 ﾠtherefore,	
 ﾠonly	
 ﾠfew	
 ﾠmetals	
 ﾠlike	
 ﾠCu,	
 ﾠAg,	
 ﾠSn	
 ﾠ
and	
 ﾠPb	
 ﾠare	
 ﾠsusceptible	
 ﾠto	
 ﾠelectrolytic	
 ﾠmigration	
 ﾠat	
 ﾠleast	
 ﾠover	
 ﾠa	
 ﾠrange	
 ﾠof	
 ﾠpotentials	
 ﾠand	
 ﾠpH	
 ﾠpredicted	
 ﾠby	
 ﾠ
the	
 ﾠ Pourbaix	
 ﾠ diagram	
 ﾠ where	
 ﾠ particular	
 ﾠ ions	
 ﾠ are	
 ﾠ stable.	
 ﾠ If	
 ﾠ the	
 ﾠ potential	
 ﾠ for	
 ﾠ hydrogen	
 ﾠ evolution	
 ﾠ (ie.	
 ﾠ
hydrogen	
 ﾠoverpotential)	
 ﾠis	
 ﾠlower	
 ﾠthan	
 ﾠthe	
 ﾠdeposition	
 ﾠpotential	
 ﾠfor	
 ﾠthe	
 ﾠmetal	
 ﾠions,	
 ﾠmost	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠ
will	
 ﾠbe	
 ﾠused	
 ﾠfor	
 ﾠhydrogen	
 ﾠevolution	
 ﾠrather	
 ﾠthan	
 ﾠfor	
 ﾠmetal	
 ﾠdeposition.	
 ﾠTherefore	
 ﾠmetals	
 ﾠlike	
 ﾠaluminum	
 ﾠ
will	
 ﾠnot	
 ﾠshow	
 ﾠelectrochemical	
 ﾠmigration,	
 ﾠinstead	
 ﾠthe	
 ﾠaluminium	
 ﾠion	
 ﾠdissolution	
 ﾠlead	
 ﾠto	
 ﾠprecipitation	
 ﾠof	
 ﾠ
the	
 ﾠhydroxide.	
 ﾠ.	
 ﾠ	
 ﾠ
Apart	
 ﾠfrom	
 ﾠthe	
 ﾠmetal/alloys	
 ﾠrelated	
 ﾠfactors,	
 ﾠfour	
 ﾠother	
 ﾠmain	
 ﾠfactors	
 ﾠwhich	
 ﾠhave	
 ﾠa	
 ﾠsignificant	
 ﾠimpact	
 ﾠon	
 ﾠ
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•  Presence	
 ﾠof	
 ﾠhalides	
 ﾠwhich	
 ﾠbreak	
 ﾠdown	
 ﾠthe	
 ﾠoxide	
 ﾠlayer	
 ﾠand	
 ﾠfacilitate	
 ﾠanodic	
 ﾠdissolution	
 ﾠ
•  The	
 ﾠpH	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠsolution	
 ﾠ
•  The	
 ﾠapplied	
 ﾠpotential	
 ﾠ
•  The	
 ﾠsolubility	
 ﾠof	
 ﾠthe	
 ﾠspecies	
 ﾠformed	
 ﾠat	
 ﾠthe	
 ﾠanode	
 ﾠ
As	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠfrom	
 ﾠthe	
 ﾠPourbaix	
 ﾠdiagrams	
 ﾠ(Figure	
 ﾠ17),	
 ﾠthe	
 ﾠchange	
 ﾠin	
 ﾠpH	
 ﾠdramatically	
 ﾠmodifies	
 ﾠ
the	
 ﾠnature	
 ﾠof	
 ﾠthe	
 ﾠformed	
 ﾠspecies,	
 ﾠdue	
 ﾠto	
 ﾠits	
 ﾠstrong	
 ﾠeffect	
 ﾠon	
 ﾠanodic	
 ﾠreactions.	
 ﾠAdditionally,	
 ﾠdue	
 ﾠto	
 ﾠ
electrolysis,	
 ﾠthe	
 ﾠpH	
 ﾠvaries	
 ﾠalong	
 ﾠthe	
 ﾠsolution,	
 ﾠinfluencing	
 ﾠthe	
 ﾠregion	
 ﾠof	
 ﾠstability	
 ﾠfor	
 ﾠcertain	
 ﾠspecies,	
 ﾠwhich	
 ﾠ
may	
 ﾠbe	
 ﾠstable	
 ﾠclose	
 ﾠto	
 ﾠthe	
 ﾠanode	
 ﾠand	
 ﾠunstable	
 ﾠin	
 ﾠthe	
 ﾠbulk	
 ﾠsolution.	
 ﾠ	
 ﾠ
	
 ﾠ
The	
 ﾠreduced	
 ﾠdistance	
 ﾠbetween	
 ﾠconductors	
 ﾠon	
 ﾠa	
 ﾠPCB	
 ﾠhas	
 ﾠfurther	
 ﾠdecreased	
 ﾠthe	
 ﾠmigration	
 ﾠpath	
 ﾠof	
 ﾠmetal-ﾭ‐
ions,	
 ﾠthus	
 ﾠreducing	
 ﾠthe	
 ﾠtime	
 ﾠto	
 ﾠfailure	
 ﾠfor	
 ﾠa	
 ﾠdevice.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ17	
 ﾠPourbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠtin	
 ﾠ(on	
 ﾠthe	
 ﾠleft)	
 ﾠand	
 ﾠlead	
 ﾠ(on	
 ﾠthe	
 ﾠright)	
 ﾠ
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4  Critical	
 ﾠfactors	
 ﾠfor	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices	
 ﾠ
Although	
 ﾠthe	
 ﾠcorrosion	
 ﾠmechanisms	
 ﾠwhich	
 ﾠlead	
 ﾠto	
 ﾠthe	
 ﾠdegradation	
 ﾠof	
 ﾠelectronic	
 ﾠmaterials	
 ﾠand	
 ﾠdevices	
 ﾠ
occur	
 ﾠfollowing	
 ﾠthe	
 ﾠones	
 ﾠof	
 ﾠmost	
 ﾠmetals	
 ﾠand	
 ﾠstructures,	
 ﾠthey	
 ﾠdiffer	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠpresence	
 ﾠof	
 ﾠthese	
 ﾠfactors:	
 ﾠ
•  The	
 ﾠpresence	
 ﾠof	
 ﾠan	
 ﾠapplied	
 ﾠvoltage	
 ﾠ
•  The	
 ﾠsubmicrometer	
 ﾠdimensions	
 ﾠ	
 ﾠ
•  The	
 ﾠextremely	
 ﾠsmall	
 ﾠamount	
 ﾠof	
 ﾠcorrosion	
 ﾠproducts	
 ﾠ
In	
 ﾠthis	
 ﾠchapter	
 ﾠthe	
 ﾠenvironmental	
 ﾠfactors	
 ﾠtogether	
 ﾠwith	
 ﾠthe	
 ﾠmain	
 ﾠmechanisms	
 ﾠwill	
 ﾠbe	
 ﾠintroduced	
 ﾠand	
 ﾠ
explained.	
 ﾠ
4.1  Environmental	
 ﾠfactors	
 ﾠ
Environmental	
 ﾠfactors	
 ﾠlike	
 ﾠtemperature	
 ﾠand	
 ﾠhumidity	
 ﾠcan,	
 ﾠto	
 ﾠsome	
 ﾠextent,	
 ﾠbe	
 ﾠcontrolled	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠ
that	
 ﾠelectronic	
 ﾠequipments	
 ﾠare	
 ﾠoften	
 ﾠhoused	
 ﾠin	
 ﾠenclosures.	
 ﾠAdditionally,	
 ﾠcontaminants	
 ﾠmust	
 ﾠbe	
 ﾠtaken	
 ﾠ
into	
 ﾠconsideration;	
 ﾠwithin	
 ﾠthese	
 ﾠthe	
 ﾠmost	
 ﾠimportant	
 ﾠare	
 ﾠgases,	
 ﾠparticles	
 ﾠand	
 ﾠa	
 ﾠvariety	
 ﾠof	
 ﾠorganic	
 ﾠand	
 ﾠ
non-ﾭ‐sulfur	
 ﾠ containing	
 ﾠ compounds[4][32].	
 ﾠ Through	
 ﾠ the	
 ﾠ following	
 ﾠ paragraphs	
 ﾠ and	
 ﾠ explanation	
 ﾠ of	
 ﾠ how	
 ﾠ
these	
 ﾠfactors	
 ﾠaffect	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices	
 ﾠwill	
 ﾠbe	
 ﾠintroduced.	
 ﾠ
4.1.1  Temperature	
 ﾠand	
 ﾠhumidity	
 ﾠ
RH	
 ﾠis	
 ﾠthe	
 ﾠamount	
 ﾠof	
 ﾠmoisture	
 ﾠin	
 ﾠthe	
 ﾠair	
 ﾠcompared	
 ﾠto	
 ﾠwhat	
 ﾠthe	
 ﾠair	
 ﾠcan	
 ﾠ“hold”	
 ﾠat	
 ﾠthat	
 ﾠtemperature	
 ﾠand	
 ﾠit	
 ﾠ
is	
 ﾠdefined	
 ﾠas	
 ﾠthe	
 ﾠratio	
 ﾠof	
 ﾠthe	
 ﾠactual	
 ﾠvapor	
 ﾠdensity	
 ﾠto	
 ﾠthe	
 ﾠsaturated	
 ﾠvapor	
 ﾠpressure[1]:	
 ﾠ
𝑅𝐻 =
                  
                      𝑥 ﾠ100%	
 ﾠEq.4	
 ﾠ
	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠachieve	
 ﾠcondensation	
 ﾠon	
 ﾠa	
 ﾠsurface	
 ﾠit	
 ﾠis	
 ﾠnecessary	
 ﾠto	
 ﾠreach	
 ﾠa	
 ﾠparticular	
 ﾠRH	
 ﾠvalue,	
 ﾠnamely	
 ﾠ
critical	
 ﾠRH	
 ﾠ(cRH).	
 ﾠThis	
 ﾠvalue	
 ﾠis	
 ﾠinfluence	
 ﾠby	
 ﾠmany	
 ﾠfactors,	
 ﾠlike	
 ﾠthe	
 ﾠsurface	
 ﾠfinishing,	
 ﾠthe	
 ﾠtyper	
 ﾠof	
 ﾠthe	
 ﾠ
material	
 ﾠand	
 ﾠthe	
 ﾠcontaminants.	
 ﾠThe	
 ﾠhigher	
 ﾠthe	
 ﾠtemperature	
 ﾠis,	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠamount	
 ﾠof	
 ﾠwater	
 ﾠair	
 ﾠcan	
 ﾠ
hold.	
 ﾠThe	
 ﾠMollier	
 ﾠdiagram	
 ﾠ(Appendix	
 ﾠV)	
 ﾠis	
 ﾠvery	
 ﾠuseful	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠrelationship	
 ﾠbetween	
 ﾠmoisture	
 ﾠ
content,	
 ﾠenthalpy	
 ﾠand	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠair.	
 ﾠ	
 ﾠ
When	
 ﾠan	
 ﾠelectronic	
 ﾠdevice	
 ﾠis	
 ﾠexposed	
 ﾠto	
 ﾠa	
 ﾠtemperature	
 ﾠcolder	
 ﾠthan	
 ﾠthe	
 ﾠsurrounding,	
 ﾠcondensation	
 ﾠ
occurs	
 ﾠat	
 ﾠlower	
 ﾠrelative	
 ﾠhumidity	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠcondition	
 ﾠat	
 ﾠthermodynamic	
 ﾠequilibrium.	
 ﾠ
From	
 ﾠthe	
 ﾠMollier	
 ﾠdiagramis	
 ﾠpossible	
 ﾠto	
 ﾠextrapolate	
 ﾠthe	
 ﾠgraph	
 ﾠin	
 ﾠFigure	
 ﾠ18.	
 ﾠThis	
 ﾠdepicts	
 ﾠthe	
 ﾠtemperature	
 ﾠ
difference	
 ﾠrequired	
 ﾠfor	
 ﾠcondensation	
 ﾠbetween	
 ﾠa	
 ﾠmetal	
 ﾠsurface	
 ﾠand	
 ﾠthe	
 ﾠair	
 ﾠon	
 ﾠvarious	
 ﾠrelative	
 ﾠhumidities	
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and	
 ﾠtemperatures	
 ﾠof	
 ﾠthe	
 ﾠsurrounding	
 ﾠair.	
 ﾠAn	
 ﾠundercooling	
 ﾠΔT=-ﾭ‐6	
 ﾠ°C	
 ﾠis	
 ﾠsufficient	
 ﾠto	
 ﾠhave	
 ﾠcondensation	
 ﾠat	
 ﾠ
relative	
 ﾠhumidity	
 ﾠof	
 ﾠ80%.	
 ﾠThis	
 ﾠdifference	
 ﾠincreases	
 ﾠwith	
 ﾠdecreasing	
 ﾠrelative	
 ﾠhumidity.	
 ﾠ	
 ﾠ
Since	
 ﾠcorrosion	
 ﾠaccelerates	
 ﾠconsiderably	
 ﾠalready	
 ﾠat	
 ﾠrelative	
 ﾠhumidity	
 ﾠexceeding	
 ﾠ50%	
 ﾠthe	
 ﾠsurfaces	
 ﾠof	
 ﾠthe	
 ﾠ
insides	
 ﾠof	
 ﾠthe	
 ﾠdevice	
 ﾠshould	
 ﾠbe	
 ﾠat	
 ﾠleast	
 ﾠ10-ﾭ‐20°C	
 ﾠ(or	
 ﾠmore)	
 ﾠwarmer	
 ﾠthan	
 ﾠthe	
 ﾠenvironment.	
 ﾠ
Due	
 ﾠto	
 ﾠthe	
 ﾠintrinsic	
 ﾠionization	
 ﾠof	
 ﾠwater	
 ﾠinto	
 ﾠhydrogen	
 ﾠand	
 ﾠhydroxide	
 ﾠions,	
 ﾠa	
 ﾠcondensed	
 ﾠwater	
 ﾠfilm	
 ﾠhas	
 ﾠ
some	
 ﾠconductive	
 ﾠproperties.	
 ﾠThis	
 ﾠmay	
 ﾠbe	
 ﾠfurther	
 ﾠenhanced	
 ﾠby	
 ﾠadsorption	
 ﾠof	
 ﾠsome	
 ﾠgases	
 ﾠwhich	
 ﾠform	
 ﾠ
ionic	
 ﾠcompounds	
 ﾠwith	
 ﾠwater,	
 ﾠsuch	
 ﾠas	
 ﾠCO2.	
 ﾠNevertheless,	
 ﾠthe	
 ﾠimpact	
 ﾠof	
 ﾠa	
 ﾠpure	
 ﾠwater	
 ﾠfilm	
 ﾠon	
 ﾠthe	
 ﾠsurface	
 ﾠ
resistivity	
 ﾠdoes	
 ﾠnot	
 ﾠnormally	
 ﾠpose	
 ﾠa	
 ﾠproblem.	
 ﾠIt	
 ﾠis	
 ﾠthe	
 ﾠfunction	
 ﾠof	
 ﾠthe	
 ﾠwater	
 ﾠfilm	
 ﾠas	
 ﾠa	
 ﾠmedium	
 ﾠfor	
 ﾠ
ionization	
 ﾠof	
 ﾠionic	
 ﾠcompounds	
 ﾠthat	
 ﾠrenders	
 ﾠadsorbed	
 ﾠwater	
 ﾠfilms	
 ﾠhazardous.	
 ﾠ	
 ﾠ
	
 ﾠ
It	
 ﾠis	
 ﾠimportant	
 ﾠto	
 ﾠmention	
 ﾠthat	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠdifferent	
 ﾠthermal	
 ﾠprofile	
 ﾠof	
 ﾠa	
 ﾠPCB	
 ﾠlocal	
 ﾠcondensation	
 ﾠcan	
 ﾠ
occurs.	
 ﾠThe	
 ﾠarchitecture	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠis	
 ﾠthus	
 ﾠextremely	
 ﾠimportant	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠensure	
 ﾠa	
 ﾠthermal	
 ﾠprofile	
 ﾠas	
 ﾠ
much	
 ﾠhomogenous	
 ﾠas	
 ﾠpossible,	
 ﾠavoiding	
 ﾠcrevices	
 ﾠand	
 ﾠallowing	
 ﾠair	
 ﾠcirculation.	
 ﾠ
	
 ﾠ
 
Figure	
 ﾠ18temperature	
 ﾠdifferences	
 ﾠof	
 ﾠthe	
 ﾠsurface	
 ﾠwhen	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠis	
 ﾠreached	
 ﾠat	
 ﾠvarious	
 ﾠtemperature	
 ﾠand	
 ﾠhumidity	
 ﾠ
values[1]	
 ﾠ
4.2  Sources	
 ﾠof	
 ﾠcontamination	
 ﾠ
After	
 ﾠdescribing	
 ﾠwhich	
 ﾠthe	
 ﾠmain	
 ﾠcontaminants	
 ﾠare,	
 ﾠit	
 ﾠis	
 ﾠuseful	
 ﾠto	
 ﾠexplain	
 ﾠwhere	
 ﾠthese	
 ﾠcontaminants	
 ﾠ
come	
 ﾠfrom.	
 ﾠIn	
 ﾠthis	
 ﾠparagraph	
 ﾠthe	
 ﾠsources	
 ﾠwill	
 ﾠbe	
 ﾠdivided	
 ﾠinto	
 ﾠprocess	
 ﾠand	
 ﾠservice	
 ﾠrelated	
 ﾠcontamination.	
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4.2.1  Process	
 ﾠrelated	
 ﾠcontamination	
 ﾠ
Many	
 ﾠ are	
 ﾠ the	
 ﾠ sources	
 ﾠ of	
 ﾠ contamination	
 ﾠ within	
 ﾠ the	
 ﾠ manufacturing	
 ﾠ of	
 ﾠ PCBAs:	
 ﾠ contaminants	
 ﾠ can	
 ﾠ be	
 ﾠ
directly	
 ﾠ contained	
 ﾠ in	
 ﾠ the	
 ﾠ PCB	
 ﾠ substrate	
 ﾠ or	
 ﾠ can	
 ﾠ be	
 ﾠ released	
 ﾠ from	
 ﾠ various	
 ﾠ manufacturing	
 ﾠ processes,	
 ﾠ
remaining	
 ﾠthis	
 ﾠway	
 ﾠon	
 ﾠthe	
 ﾠsurface.	
 ﾠThe	
 ﾠsubmicrometer	
 ﾠdimensions	
 ﾠof	
 ﾠthe	
 ﾠelectronic	
 ﾠdevices	
 ﾠtrap	
 ﾠthese	
 ﾠ
hazardous	
 ﾠproducts	
 ﾠinto	
 ﾠthe	
 ﾠsmall	
 ﾠholes[1],	
 ﾠ[41].	
 ﾠ	
 ﾠ
Glass	
 ﾠ epoxy	
 ﾠ polymer	
 ﾠ and	
 ﾠ phenolic	
 ﾠ paper	
 ﾠ are	
 ﾠ the	
 ﾠ most	
 ﾠ common	
 ﾠ laminate	
 ﾠ material	
 ﾠ used	
 ﾠ for	
 ﾠ PCB	
 ﾠ
manufacturing.	
 ﾠ The	
 ﾠ former	
 ﾠ one	
 ﾠ with	
 ﾠ woven	
 ﾠ glass	
 ﾠ cloth	
 ﾠ reinforcement	
 ﾠ has	
 ﾠ higher	
 ﾠ mechanical	
 ﾠ and	
 ﾠ
electrical	
 ﾠproperties	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠtherefore	
 ﾠused	
 ﾠfor	
 ﾠplated-ﾭ‐through-ﾭ‐hole	
 ﾠand	
 ﾠmultilayer	
 ﾠboards.	
 ﾠThe	
 ﾠlatter	
 ﾠ
one,	
 ﾠdue	
 ﾠto	
 ﾠits	
 ﾠpoor	
 ﾠtemperature	
 ﾠrange	
 ﾠand	
 ﾠability	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture,	
 ﾠis	
 ﾠmostly	
 ﾠused	
 ﾠfor	
 ﾠhigh	
 ﾠvolume	
 ﾠ
domestic.	
 ﾠ
The	
 ﾠPCB	
 ﾠlaminates	
 ﾠcontain	
 ﾠflame	
 ﾠretardants.	
 ﾠBrominated	
 ﾠflame	
 ﾠretardants	
 ﾠ(BFR)	
 ﾠhave	
 ﾠbeen	
 ﾠwidely	
 ﾠused	
 ﾠ
in	
 ﾠindustrial	
 ﾠpractices	
 ﾠto	
 ﾠimprove	
 ﾠthe	
 ﾠflame	
 ﾠresistance	
 ﾠon	
 ﾠpolymeric	
 ﾠmaterials.	
 ﾠAmong	
 ﾠthe	
 ﾠadvantages	
 ﾠof	
 ﾠ
BFR	
 ﾠare	
 ﾠtheir	
 ﾠefficiency,	
 ﾠthe	
 ﾠhigh	
 ﾠcompatibility	
 ﾠwith	
 ﾠmany	
 ﾠpolymeric	
 ﾠsubstrates	
 ﾠand	
 ﾠthe	
 ﾠlimited	
 ﾠinfluence	
 ﾠ
on	
 ﾠmechanical	
 ﾠproperties.	
 ﾠThe	
 ﾠBFR	
 ﾠthat	
 ﾠfinds	
 ﾠthe	
 ﾠwider	
 ﾠindustrial	
 ﾠapplications	
 ﾠis	
 ﾠtetrabromobisphenol	
 ﾠA,	
 ﾠ
namely	
 ﾠTBBA.	
 ﾠThe	
 ﾠmain	
 ﾠapplication	
 ﾠof	
 ﾠTBBA	
 ﾠis	
 ﾠin	
 ﾠthe	
 ﾠproduction	
 ﾠof	
 ﾠbrominated	
 ﾠepoxy	
 ﾠresins,	
 ﾠcommonly	
 ﾠ
employed	
 ﾠfor	
 ﾠprinted	
 ﾠcircuit	
 ﾠboards	
 ﾠmanufacturing.	
 ﾠThese	
 ﾠcan	
 ﾠcontain	
 ﾠup	
 ﾠto	
 ﾠ20-ﾭ‐25	
 ﾠwt.%	
 ﾠbromine[42].	
 ﾠ
Decomposition	
 ﾠ of	
 ﾠ TBBA	
 ﾠ occurs	
 ﾠ between	
 ﾠ 150	
 ﾠ and	
 ﾠ 270°C	
 ﾠ and	
 ﾠ the	
 ﾠ main	
 ﾠ products	
 ﾠ released	
 ﾠ from	
 ﾠ this	
 ﾠ
process	
 ﾠare	
 ﾠHBr	
 ﾠand	
 ﾠmethyl	
 ﾠbromide.	
 ﾠ150°C	
 ﾠcan	
 ﾠbe	
 ﾠeasily	
 ﾠreached	
 ﾠduring	
 ﾠthe	
 ﾠusage	
 ﾠof	
 ﾠthe	
 ﾠPCB,	
 ﾠwhile	
 ﾠ
270	
 ﾠ°C	
 ﾠcan	
 ﾠbe	
 ﾠreached	
 ﾠduring	
 ﾠthe	
 ﾠsoldering	
 ﾠprocess.	
 ﾠThese	
 ﾠhazardous	
 ﾠproducts	
 ﾠaccelerate	
 ﾠthe	
 ﾠAu-ﾭ‐Al	
 ﾠ
bond	
 ﾠfailure[43],	
 ﾠ[44].	
 ﾠ
	
 ﾠ
Surface	
 ﾠ finishing	
 ﾠ processes	
 ﾠ like	
 ﾠ Electroless	
 ﾠ Nickel	
 ﾠ Immersion	
 ﾠ Gold	
 ﾠ (ENIG)	
 ﾠ leave	
 ﾠ residue	
 ﾠ of	
 ﾠ sodium	
 ﾠ
hypophosphite	
 ﾠ(H2PO2
-ﾭ‐)	
 ﾠand	
 ﾠorthophosphate	
 ﾠ(H2PO3
-ﾭ‐)	
 ﾠwhich	
 ﾠare	
 ﾠstrong	
 ﾠreducing	
 ﾠagents.	
 ﾠThey	
 ﾠtend	
 ﾠto	
 ﾠ
remain	
 ﾠthe	
 ﾠvia-ﾭ‐holes	
 ﾠon	
 ﾠPCB	
 ﾠand	
 ﾠcan	
 ﾠcause	
 ﾠcorrosion	
 ﾠproblems	
 ﾠin	
 ﾠpresence	
 ﾠof	
 ﾠhumidity	
 ﾠand	
 ﾠbias.	
 ﾠ	
 ﾠ
	
 ﾠ
Among	
 ﾠall	
 ﾠthe	
 ﾠchemical	
 ﾠprocesses	
 ﾠused	
 ﾠfor	
 ﾠPCB	
 ﾠfabrication,	
 ﾠthe	
 ﾠmost	
 ﾠcontaminating	
 ﾠone	
 ﾠis	
 ﾠapplication	
 ﾠof	
 ﾠ
solder.	
 ﾠDuring	
 ﾠsolder	
 ﾠthe	
 ﾠPCB	
 ﾠis	
 ﾠheated	
 ﾠup	
 ﾠto	
 ﾠ240-ﾭ‐260	
 ﾠ°C,	
 ﾠfar	
 ﾠabove	
 ﾠor	
 ﾠclose	
 ﾠto	
 ﾠthe	
 ﾠTg	
 ﾠof	
 ﾠthe	
 ﾠpolymer	
 ﾠ
resins	
 ﾠused	
 ﾠfor	
 ﾠlaminates[36].	
 ﾠThis	
 ﾠresults	
 ﾠin	
 ﾠa	
 ﾠsoftening	
 ﾠof	
 ﾠthe	
 ﾠlaminates	
 ﾠallowing	
 ﾠflux	
 ﾠresidues	
 ﾠto	
 ﾠbe	
 ﾠ
absorbed	
 ﾠinto	
 ﾠthe	
 ﾠresins	
 ﾠand	
 ﾠremained	
 ﾠon	
 ﾠthe	
 ﾠsurface	
 ﾠor	
 ﾠin	
 ﾠbetween	
 ﾠthe	
 ﾠpins	
 ﾠof	
 ﾠcomponents.	
 ﾠThis	
 ﾠtype	
 ﾠ
of	
 ﾠionic	
 ﾠcontamination	
 ﾠis	
 ﾠthe	
 ﾠmost	
 ﾠcommon	
 ﾠand	
 ﾠharmful	
 ﾠfor	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠPCB	
 ﾠassemblies.	
 ﾠField	
 ﾠ
failures	
 ﾠregularly	
 ﾠoccur	
 ﾠdue	
 ﾠto	
 ﾠnot	
 ﾠproperly	
 ﾠactivated	
 ﾠor	
 ﾠfully	
 ﾠremoved	
 ﾠflux	
 ﾠresidues.	
 ﾠThese	
 ﾠflux	
 ﾠresidues	
 ﾠ
can	
 ﾠbe	
 ﾠcorrosive	
 ﾠthemselves	
 ﾠor	
 ﾠabsorb	
 ﾠmoisture	
 ﾠat	
 ﾠlower	
 ﾠrelative	
 ﾠhumidity	
 ﾠthan	
 ﾠthe	
 ﾠone	
 ﾠforeseen	
 ﾠby	
 ﾠthe	
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Mollier	
 ﾠdiagram	
 ﾠfor	
 ﾠthe	
 ﾠworking	
 ﾠconditions.	
 ﾠBy	
 ﾠabsorbing	
 ﾠmoisture	
 ﾠthey	
 ﾠcreate	
 ﾠa	
 ﾠthin	
 ﾠwater	
 ﾠlayer	
 ﾠon	
 ﾠthe	
 ﾠ
surface	
 ﾠof	
 ﾠthe	
 ﾠelectronic	
 ﾠcomponents,	
 ﾠrendering	
 ﾠthe	
 ﾠsurfaces	
 ﾠmore	
 ﾠconductive	
 ﾠsince	
 ﾠthere	
 ﾠis	
 ﾠa	
 ﾠsolution	
 ﾠ
of	
 ﾠionasible	
 ﾠmaterial	
 ﾠpresent.	
 ﾠHence	
 ﾠa	
 ﾠhigher	
 ﾠleakage	
 ﾠcurrent	
 ﾠwill	
 ﾠbe	
 ﾠrecorded	
 ﾠand	
 ﾠa	
 ﾠgreater	
 ﾠprobability	
 ﾠ
of	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠwill	
 ﾠaffect	
 ﾠthe	
 ﾠdevices.	
 ﾠ
Finally,	
 ﾠ a	
 ﾠ common	
 ﾠ source	
 ﾠ of	
 ﾠ contamination	
 ﾠ is	
 ﾠ due	
 ﾠ to	
 ﾠ impropriate	
 ﾠ human	
 ﾠ handling:	
 ﾠ human	
 ﾠ sweat	
 ﾠ
contains,	
 ﾠindeed,	
 ﾠsignificant	
 ﾠlevel	
 ﾠof	
 ﾠchloride	
 ﾠand	
 ﾠother	
 ﾠinorganic	
 ﾠions	
 ﾠand	
 ﾠorganic	
 ﾠcompounds	
 ﾠwhich	
 ﾠare	
 ﾠ
really	
 ﾠaggressive.	
 ﾠ 	
 ﾠ
4.2.2  Service	
 ﾠrelated	
 ﾠcontamination	
 ﾠ
Service	
 ﾠrelated	
 ﾠcontamination	
 ﾠis	
 ﾠdifficult	
 ﾠto	
 ﾠpredict	
 ﾠas	
 ﾠit	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠplace	
 ﾠof	
 ﾠapplication	
 ﾠof	
 ﾠthe	
 ﾠ
device:	
 ﾠfield-ﾭ‐environments	
 ﾠnear	
 ﾠthe	
 ﾠsea	
 ﾠor	
 ﾠin	
 ﾠtropic	
 ﾠcountries	
 ﾠwill	
 ﾠdeviate	
 ﾠfrom	
 ﾠthose	
 ﾠfound	
 ﾠin-ﾭ‐land	
 ﾠor	
 ﾠin	
 ﾠ
arctic	
 ﾠareas.	
 ﾠSignificant	
 ﾠdifferences	
 ﾠwill	
 ﾠbe	
 ﾠfound,	
 ﾠas	
 ﾠwell,	
 ﾠbetween	
 ﾠhighly	
 ﾠindustrials	
 ﾠpolluted	
 ﾠlocations	
 ﾠ
and	
 ﾠ pristine	
 ﾠ nature	
 ﾠ or	
 ﾠ country	
 ﾠ side[1],	
 ﾠ [2].	
 ﾠ The	
 ﾠ principal	
 ﾠ classes	
 ﾠ of	
 ﾠ contaminants	
 ﾠ that	
 ﾠ need	
 ﾠ to	
 ﾠ be	
 ﾠ
considered	
 ﾠare	
 ﾠgases,	
 ﾠparticles	
 ﾠwith	
 ﾠaggressive	
 ﾠions	
 ﾠand	
 ﾠhygroscopic	
 ﾠcompounds[45].	
 ﾠ
I.  Gaseous.	
 ﾠ	
 ﾠ
Typical	
 ﾠ gaseous	
 ﾠ contaminants	
 ﾠ are	
 ﾠ of	
 ﾠ the	
 ﾠ type	
 ﾠ SO2	
 ﾠ NOx	
 ﾠor	
 ﾠ H2S	
 ﾠ which	
 ﾠ are	
 ﾠ either	
 ﾠ corrosive	
 ﾠ in	
 ﾠ
themselves	
 ﾠor	
 ﾠcan	
 ﾠreact	
 ﾠwith	
 ﾠmoisture	
 ﾠand	
 ﾠincrease	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠthe	
 ﾠsolution	
 ﾠenhancing	
 ﾠ
the	
 ﾠcorrosion	
 ﾠprocess..	
 ﾠThe	
 ﾠmost	
 ﾠimportant	
 ﾠpollutant	
 ﾠin	
 ﾠthe	
 ﾠform	
 ﾠof	
 ﾠa	
 ﾠgas	
 ﾠis	
 ﾠSO2,	
 ﾠoriginating	
 ﾠfrom	
 ﾠ
combustion	
 ﾠof	
 ﾠoil,	
 ﾠgas	
 ﾠor	
 ﾠcoal	
 ﾠcontaining	
 ﾠsome	
 ﾠsulphur[46],	
 ﾠ[47].	
 ﾠTogether	
 ﾠwith	
 ﾠwater	
 ﾠit	
 ﾠforms	
 ﾠ
particularly	
 ﾠaggressive	
 ﾠsulphuric	
 ﾠacid,	
 ﾠH2SO4	
 ﾠvery	
 ﾠdetrimental	
 ﾠto	
 ﾠsilver	
 ﾠcoating	
 ﾠalloys.	
 ﾠ	
 ﾠH2S	
 ﾠis	
 ﾠ
particularly	
 ﾠdangerous	
 ﾠfor	
 ﾠsilver,	
 ﾠas	
 ﾠit	
 ﾠforms	
 ﾠsilver	
 ﾠsulphide	
 ﾠcrystals.	
 ﾠThe	
 ﾠpresence	
 ﾠof	
 ﾠhalogenides	
 ﾠ
like	
 ﾠ(HCl	
 ﾠor	
 ﾠHBr)	
 ﾠis	
 ﾠdetrimental	
 ﾠfor	
 ﾠthe	
 ﾠstability	
 ﾠof	
 ﾠthe	
 ﾠprotective	
 ﾠoxide-ﾭ‐layers	
 ﾠon	
 ﾠthe	
 ﾠmetals.	
 ﾠ
	
 ﾠ
II.  Particles	
 ﾠwith	
 ﾠaggressive	
 ﾠions	
 ﾠ
The	
 ﾠpresence	
 ﾠof	
 ﾠaggressive	
 ﾠions	
 ﾠlike	
 ﾠCl
-ﾭ‐,	
 ﾠNH4
-ﾭ‐,	
 ﾠSO4
-ﾭ‐	
 ﾠ,	
 ﾠtogheter	
 ﾠwith	
 ﾠhigh	
 ﾠhumidity	
 ﾠlevels,	
 ﾠtends	
 ﾠto	
 ﾠ
propagate	
 ﾠelectrochemical	
 ﾠfailure,	
 ﾠsuch	
 ﾠas	
 ﾠleakage	
 ﾠcurrent,	
 ﾠECM	
 ﾠand	
 ﾠelectrolytic	
 ﾠcorrosion	
 ﾠ	
 ﾠ
	
 ﾠ
III.  Hygroscopic	
 ﾠresidues	
 ﾠ
Dust	
 ﾠand	
 ﾠsalts	
 ﾠare	
 ﾠthe	
 ﾠmost	
 ﾠimportant	
 ﾠmaterial	
 ﾠcomponents	
 ﾠof	
 ﾠthe	
 ﾠenvironment	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠ
degradation	
 ﾠ of	
 ﾠ electronic	
 ﾠ devices.	
 ﾠ The	
 ﾠ higher	
 ﾠ the	
 ﾠ fraction	
 ﾠ of	
 ﾠ water-ﾭ‐soluble	
 ﾠ ions	
 ﾠ with	
 ﾠ any	
 ﾠ
particle,	
 ﾠthe	
 ﾠhigher	
 ﾠis	
 ﾠthe	
 ﾠcorrosivity.	
 ﾠFine	
 ﾠparticles	
 ﾠcan	
 ﾠabsorb	
 ﾠmoisture;	
 ﾠhence	
 ﾠtheir	
 ﾠcRH	
 ﾠis	
 ﾠa	
 ﾠkey	
 ﾠ
factor	
 ﾠconcerning	
 ﾠtheir	
 ﾠcorrosion	
 ﾠbehavior.	
 ﾠ	
 ﾠWhen	
 ﾠfine	
 ﾠparticles	
 ﾠon	
 ﾠsurfaces	
 ﾠabsorb	
 ﾠwater,	
 ﾠan	
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electrolyte	
 ﾠfilm	
 ﾠis	
 ﾠformed:	
 ﾠthis	
 ﾠis	
 ﾠcorrosive	
 ﾠto	
 ﾠmany	
 ﾠmetals	
 ﾠand	
 ﾠcan	
 ﾠalso	
 ﾠlead	
 ﾠto	
 ﾠelectrolytic	
 ﾠ
corrosion	
 ﾠwhen	
 ﾠthe	
 ﾠcircuit	
 ﾠis	
 ﾠbiased[2][47].	
 ﾠ
	
 ﾠ
Table	
 ﾠ2	
 ﾠshows	
 ﾠthe	
 ﾠcRH	
 ﾠat	
 ﾠ24	
 ﾠ°C	
 ﾠof	
 ﾠsome	
 ﾠhygroscopic	
 ﾠcompounds	
 ﾠ
	
 ﾠ
Table	
 ﾠ2	
 ﾠcRH	
 ﾠvalue	
 ﾠfor	
 ﾠsome	
 ﾠhygroscopic	
 ﾠcompounds[47]	
 ﾠ
Salt	
 ﾠ 	
 ﾠ cRH	
 ﾠ
(%)	
 ﾠ
NH4HSO4	
 ﾠ 40	
 ﾠ
NH4	
 ﾠNO3	
 ﾠ 65	
 ﾠ
NaCl	
 ﾠ 76	
 ﾠ
NaBr	
 ﾠ 84	
 ﾠ
CaCl2	
 ﾠ 29	
 ﾠ
Adipic	
 ﾠacid	
 ﾠ 99,6	
 ﾠ
Glutaric	
 ﾠacid	
 ﾠ 84	
 ﾠ
Malic	
 ﾠacid	
 ﾠ 86	
 ﾠ
Succinic	
 ﾠacid	
 ﾠ	
 ﾠ 98	
 ﾠ
	
 ﾠ
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5  Materials	
 ﾠand	
 ﾠtheory	
 ﾠbehind	
 ﾠexperimental	
 ﾠmethods	
 ﾠ
In	
 ﾠthis	
 ﾠchapter	
 ﾠthe	
 ﾠmaterials,	
 ﾠthe	
 ﾠsetups	
 ﾠand	
 ﾠthe	
 ﾠtechniques	
 ﾠemployed	
 ﾠduring	
 ﾠthis	
 ﾠproject	
 ﾠwill	
 ﾠbe	
 ﾠ
introduced.	
 ﾠAdditionally	
 ﾠthe	
 ﾠpreparations	
 ﾠof	
 ﾠthe	
 ﾠsolution	
 ﾠto	
 ﾠbe	
 ﾠinvestigated	
 ﾠwill	
 ﾠbe	
 ﾠbriefly	
 ﾠexplained.	
 ﾠ
5.1  Weak	
 ﾠOrganic	
 ﾠAcids	
 ﾠ
Four	
 ﾠweak	
 ﾠorganic	
 ﾠacids	
 ﾠhave	
 ﾠbeen	
 ﾠinvestigated	
 ﾠthroughout	
 ﾠthis	
 ﾠproject,	
 ﾠnamely:	
 ﾠadipic,	
 ﾠmalic,	
 ﾠglutaric	
 ﾠ
and	
 ﾠsuccinic	
 ﾠacid.	
 ﾠ	
 ﾠThree	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠ(1	
 ﾠµg/cm
2,	
 ﾠ10	
 ﾠµg/cm
2	
 ﾠand	
 ﾠ100	
 ﾠµg/cm
2)	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠ
WOAs	
 ﾠhave	
 ﾠbeen	
 ﾠpreliminary	
 ﾠprepared.	
 ﾠ
5.2  Tin	
 ﾠ
Pure	
 ﾠtin	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠfor	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠexperiments,	
 ﾠwhile	
 ﾠthe	
 ﾠcomposition	
 ﾠof	
 ﾠthe	
 ﾠtin	
 ﾠon	
 ﾠ
the	
 ﾠinvestigated	
 ﾠcomponents	
 ﾠis	
 ﾠthe	
 ﾠeutectic	
 ﾠcomposition	
 ﾠof	
 ﾠ63%	
 ﾠtin,	
 ﾠ37%	
 ﾠlead.	
 ﾠ
5.3  Solder	
 ﾠFlux	
 ﾠSystems	
 ﾠ
Commercial	
 ﾠCobar	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems	
 ﾠwere	
 ﾠemployed	
 ﾠin	
 ﾠthis	
 ﾠproject.	
 ﾠTheir	
 ﾠdetailed	
 ﾠcharacteristics	
 ﾠcan	
 ﾠ
be	
 ﾠfound	
 ﾠin	
 ﾠAppendix	
 ﾠIII	
 ﾠwhile	
 ﾠin	
 ﾠTable	
 ﾠ3	
 ﾠInvestigated	
 ﾠCOBAR	
 ﾠSolder	
 ﾠFlux	
 ﾠSystemsTable	
 ﾠ3	
 ﾠthe	
 ﾠinvestigated	
 ﾠ
systems	
 ﾠare	
 ﾠlisted	
 ﾠ
	
 ﾠ
Table	
 ﾠ3	
 ﾠInvestigated	
 ﾠCOBAR	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems	
 ﾠ
Flux	
 ﾠSystems	
 ﾠ
327	
 ﾠ
380_R	
 ﾠ
390_RXT	
 ﾠ
396_DRM	
 ﾠ
327_Sel	
 ﾠ
94_Sel	
 ﾠ
385_Sel	
 ﾠ
	
 ﾠ
5.4  Single	
 ﾠComponent	
 ﾠElectrochemical	
 ﾠMigration	
 ﾠSetup	
 ﾠ 	
 ﾠ
In	
 ﾠ order	
 ﾠ to	
 ﾠ test	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ the	
 ﾠ WOA	
 ﾠ on	
 ﾠ the	
 ﾠ electrochemical	
 ﾠ migration	
 ﾠ on	
 ﾠ condensers	
 ﾠ a	
 ﾠ Single	
 ﾠ
Component	
 ﾠElectrochemical	
 ﾠMigration	
 ﾠsetup	
 ﾠwas	
 ﾠused.	
 ﾠ	
 ﾠThe	
 ﾠcomponent	
 ﾠis	
 ﾠheld	
 ﾠhorizontally	
 ﾠby	
 ﾠtwo	
 ﾠ
small	
 ﾠadjustable	
 ﾠprobes,	
 ﾠwhich	
 ﾠact	
 ﾠas	
 ﾠconnectors.	
 ﾠSprings	
 ﾠon	
 ﾠboth	
 ﾠsides	
 ﾠof	
 ﾠthe	
 ﾠprobes	
 ﾠensure	
 ﾠthe	
 ﾠforces	
 ﾠ
required	
 ﾠto	
 ﾠhold	
 ﾠand	
 ﾠmaintain	
 ﾠthe	
 ﾠcomponent	
 ﾠin	
 ﾠposition,	
 ﾠwhile	
 ﾠmaintaining	
 ﾠa	
 ﾠgood	
 ﾠelectrical	
 ﾠcontact	
 ﾠ
between	
 ﾠthe	
 ﾠtips	
 ﾠof	
 ﾠthe	
 ﾠprobes	
 ﾠand	
 ﾠthe	
 ﾠterminals	
 ﾠof	
 ﾠthe	
 ﾠcomponent.	
 ﾠThe	
 ﾠSCEM	
 ﾠsetup	
 ﾠused	
 ﾠfor	
 ﾠthe	
 ﾠ
experiments	
 ﾠconsists	
 ﾠof	
 ﾠthree	
 ﾠseparate	
 ﾠpairs	
 ﾠof	
 ﾠmetal	
 ﾠprobes	
 ﾠ(Figure	
 ﾠ19).	
 ﾠFour	
 ﾠdifferent	
 ﾠWOAs	
 ﾠand	
 ﾠseven	
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solder	
 ﾠflux	
 ﾠsystems	
 ﾠwere	
 ﾠtested	
 ﾠin	
 ﾠthis	
 ﾠexperiment	
 ﾠat	
 ﾠconcentrations	
 ﾠof	
 ﾠ10	
 ﾠand	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠrespectively.	
 ﾠ
Three	
 ﾠ holders	
 ﾠ were	
 ﾠ used	
 ﾠ in	
 ﾠ order	
 ﾠ for	
 ﾠ simultaneous	
 ﾠ experiments	
 ﾠ using	
 ﾠ a	
 ﾠ Biologic	
 ﾠ VSP	
 ﾠ multichannel	
 ﾠ
potentiostat.	
 ﾠA	
 ﾠnumbers	
 ﾠof	
 ﾠ18	
 ﾠcapacitors	
 ﾠper	
 ﾠconcentration	
 ﾠwere	
 ﾠtested	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠobtain	
 ﾠreplicable	
 ﾠ
results.	
 ﾠ	
 ﾠ
	
 ﾠ
Figure	
 ﾠ19	
 ﾠSCEM	
 ﾠsetup	
 ﾠ
	
 ﾠ
The	
 ﾠsolutions	
 ﾠwere	
 ﾠapplied	
 ﾠonce	
 ﾠthe	
 ﾠcomponents	
 ﾠwere	
 ﾠplaced	
 ﾠin	
 ﾠSCEM	
 ﾠsetup.	
 ﾠ	
 ﾠThrough	
 ﾠthe	
 ﾠuse	
 ﾠof	
 ﾠa	
 ﾠ
micropipette	
 ﾠthe	
 ﾠdesired	
 ﾠamount	
 ﾠof	
 ﾠsolution	
 ﾠwas	
 ﾠplaced	
 ﾠin	
 ﾠthe	
 ﾠform	
 ﾠof	
 ﾠa	
 ﾠdroplet	
 ﾠon	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠ
SCM.	
 ﾠ 	
 ﾠ The	
 ﾠ concentrations	
 ﾠ to	
 ﾠ be	
 ﾠ tested	
 ﾠ were	
 ﾠ 10	
 ﾠ and	
 ﾠ 100	
 ﾠ μg/cm
2.	
 ﾠ In	
 ﾠ order	
 ﾠ to	
 ﾠ achieve	
 ﾠ these	
 ﾠ
concentrations	
 ﾠthe	
 ﾠamount	
 ﾠsolution	
 ﾠto	
 ﾠbe	
 ﾠplaced	
 ﾠis	
 ﾠselected	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠsurface	
 ﾠarea	
 ﾠof	
 ﾠthe	
 ﾠ
component.	
 ﾠBy	
 ﾠconsidering	
 ﾠthe	
 ﾠassumption	
 ﾠthat	
 ﾠ1	
 ﾠmm
2	
 ﾠof	
 ﾠarea	
 ﾠis	
 ﾠcovered	
 ﾠby	
 ﾠ1	
 ﾠμl	
 ﾠof	
 ﾠsolution,	
 ﾠthe	
 ﾠ2,5	
 ﾠ
mm
2	
 ﾠtop	
 ﾠsurface	
 ﾠarea	
 ﾠof	
 ﾠSMC	
 ﾠwill	
 ﾠbe	
 ﾠcovered	
 ﾠby	
 ﾠ2,5	
 ﾠμl	
 ﾠof	
 ﾠ10	
 ﾠppm	
 ﾠsolution	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠget	
 ﾠ1	
 ﾠμg/cm
2.	
 ﾠ	
 ﾠ
The	
 ﾠpower	
 ﾠsource	
 ﾠand	
 ﾠcurrent	
 ﾠmeasurement	
 ﾠinstrument	
 ﾠfor	
 ﾠSCEM	
 ﾠsetup	
 ﾠand	
 ﾠdata	
 ﾠlogging	
 ﾠwas	
 ﾠcarried	
 ﾠ
out	
 ﾠusing	
 ﾠa	
 ﾠBiologic	
 ﾠVSP	
 ﾠpotentiostat	
 ﾠhaving	
 ﾠa	
 ﾠ0-ﾭ‐20	
 ﾠV	
 ﾠcompliance	
 ﾠvoltage.	
 ﾠ	
 ﾠ
SCEM	
 ﾠsetup	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠwas	
 ﾠused	
 ﾠto	
 ﾠinvestigate	
 ﾠECM	
 ﾠreliability	
 ﾠon	
 ﾠsize	
 ﾠ0805	
 ﾠ10	
 ﾠnF	
 ﾠmultilayer	
 ﾠceramic	
 ﾠ
capacitors.	
 ﾠThe	
 ﾠSCMs	
 ﾠwere	
 ﾠtested	
 ﾠat	
 ﾠambient	
 ﾠconditions:	
 ﾠtemperature	
 ﾠ20-ﾭ‐25	
 ﾠ°C,	
 ﾠrelative	
 ﾠhumidity	
 ﾠ25-ﾭ‐
40%.	
 ﾠ
5.5  Test	
 ﾠPCB	
 ﾠsetup	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠinvestigate	
 ﾠthe	
 ﾠPCB	
 ﾠlevel	
 ﾠparameters	
 ﾠon	
 ﾠcorrosion	
 ﾠbehavior	
 ﾠthe	
 ﾠCELCORR	
 ﾠtest	
 ﾠPCB	
 ﾠwas	
 ﾠused	
 ﾠ
(Figure	
 ﾠ 20).	
 ﾠ	
 ﾠIt	
 ﾠ consists	
 ﾠ of	
 ﾠ 18	
 ﾠ circuits	
 ﾠ mounting	
 ﾠ surface	
 ﾠ mount	
 ﾠ components	
 ﾠ (SMCs)	
 ﾠ and	
 ﾠ 2	
 ﾠ surface	
 ﾠ
insulation	
 ﾠresistance	
 ﾠ(SIR)	
 ﾠpatterns,	
 ﾠfor	
 ﾠa	
 ﾠtotal	
 ﾠof	
 ﾠ20	
 ﾠcircuits.	
 ﾠEach	
 ﾠof	
 ﾠthe	
 ﾠ18	
 ﾠcircuit	
 ﾠchannels	
 ﾠconsists	
 ﾠof	
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10	
 ﾠidentical	
 ﾠSM	
 ﾠcomponents	
 ﾠsoldered	
 ﾠin	
 ﾠparallel.	
 ﾠNine	
 ﾠout	
 ﾠof	
 ﾠeighteen	
 ﾠare	
 ﾠresistors,	
 ﾠwhile	
 ﾠthe	
 ﾠremaining	
 ﾠ
half	
 ﾠare	
 ﾠcapacitors.	
 ﾠThe	
 ﾠsize	
 ﾠand	
 ﾠthe	
 ﾠelectrical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠcomponents	
 ﾠare	
 ﾠsummarized	
 ﾠin	
 ﾠ
Appendix	
 ﾠIV.	
 ﾠIn	
 ﾠtotal	
 ﾠthere	
 ﾠare	
 ﾠ90	
 ﾠcapacitors,	
 ﾠ90	
 ﾠresistors	
 ﾠand	
 ﾠ2	
 ﾠSIR	
 ﾠpatterns.	
 ﾠOne	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpatterns	
 ﾠis	
 ﾠ
covered	
 ﾠby	
 ﾠa	
 ﾠsoldermask,	
 ﾠwhile	
 ﾠthe	
 ﾠother	
 ﾠhas	
 ﾠa	
 ﾠreflow	
 ﾠsolder	
 ﾠsurface	
 ﾠfinish.	
 ﾠ	
 ﾠ
The	
 ﾠ SIR	
 ﾠ patterns	
 ﾠ on	
 ﾠ the	
 ﾠ test	
 ﾠ PCB	
 ﾠ are	
 ﾠ designed	
 ﾠ for	
 ﾠ surface	
 ﾠ insulation	
 ﾠ resistance	
 ﾠ testing	
 ﾠ which	
 ﾠ is	
 ﾠ
performed	
 ﾠto	
 ﾠdetermine	
 ﾠwhether	
 ﾠthe	
 ﾠmaterials	
 ﾠused	
 ﾠin	
 ﾠan	
 ﾠassembly	
 ﾠare	
 ﾠlikely	
 ﾠto	
 ﾠproduce	
 ﾠunacceptable	
 ﾠ
current	
 ﾠleakage	
 ﾠlevels,	
 ﾠor	
 ﾠshorts	
 ﾠdue	
 ﾠto	
 ﾠmetal	
 ﾠmigration	
 ﾠbetween	
 ﾠconductors.	
 ﾠBy	
 ﾠmeasuring	
 ﾠchanges	
 ﾠin	
 ﾠ
current	
 ﾠover	
 ﾠtime	
 ﾠat	
 ﾠdifferent	
 ﾠtemperatures	
 ﾠand	
 ﾠhumidity	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠevaluate	
 ﾠthe	
 ﾠlikelihood	
 ﾠfor	
 ﾠ
possible	
 ﾠ failures	
 ﾠ due	
 ﾠ to	
 ﾠ environmental	
 ﾠ issues.	
 ﾠ The	
 ﾠ main	
 ﾠ parameters	
 ﾠ which	
 ﾠ affect	
 ﾠ the	
 ﾠ insulation	
 ﾠ
resistance	
 ﾠare	
 ﾠthe	
 ﾠsheet	
 ﾠresistance,	
 ﾠthe	
 ﾠbulk	
 ﾠconductivity	
 ﾠand	
 ﾠthe	
 ﾠelectrolytic	
 ﾠcontamination.	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ20	
 ﾠTest	
 ﾠPCB	
 ﾠsetup	
 ﾠ
	
 ﾠ
Each	
 ﾠrow	
 ﾠconsists	
 ﾠof	
 ﾠ10	
 ﾠcapacitor	
 ﾠor	
 ﾠresistors	
 ﾠconnected	
 ﾠin	
 ﾠparallel:	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasured	
 ﾠon	
 ﾠa	
 ﾠ
single	
 ﾠ channel,	
 ﾠ is	
 ﾠ thus	
 ﾠ the	
 ﾠ sum	
 ﾠ of	
 ﾠ the	
 ﾠ currents	
 ﾠ of	
 ﾠ all	
 ﾠ the	
 ﾠ components	
 ﾠ in	
 ﾠ one	
 ﾠ row.	
 ﾠ This	
 ﾠ provides	
 ﾠ
information	
 ﾠon	
 ﾠcorrosion	
 ﾠissues	
 ﾠrelated	
 ﾠto	
 ﾠPCBA	
 ﾠlevel.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠmeasure	
 ﾠthe	
 ﾠleakage	
 ﾠcurrents	
 ﾠan	
 ﾠ
ammeter	
 ﾠconnected	
 ﾠto	
 ﾠthe	
 ﾠcircuit	
 ﾠvia	
 ﾠa	
 ﾠdouble	
 ﾠswitch	
 ﾠsystem	
 ﾠis	
 ﾠused.	
 ﾠThis	
 ﾠenables	
 ﾠto	
 ﾠmeasure	
 ﾠthe	
 ﾠ
current	
 ﾠ circulating	
 ﾠ without	
 ﾠ interrupting	
 ﾠ the	
 ﾠ potential	
 ﾠ bias.	
 ﾠ While	
 ﾠ one	
 ﾠ switch	
 ﾠ guarantees	
 ﾠ a	
 ﾠ constant	
 ﾠ
potential	
 ﾠbias,	
 ﾠthe	
 ﾠother	
 ﾠone	
 ﾠswitches	
 ﾠon	
 ﾠthe	
 ﾠammeter	
 ﾠto	
 ﾠthe	
 ﾠcircuit	
 ﾠto	
 ﾠread	
 ﾠthe	
 ﾠcurrent	
 ﾠvalues.	
 ﾠThis	
 ﾠis	
 ﾠ
done	
 ﾠreally	
 ﾠquickly	
 ﾠfor	
 ﾠa	
 ﾠshort	
 ﾠamount	
 ﾠof	
 ﾠtime.	
 ﾠDue	
 ﾠto	
 ﾠthe	
 ﾠvery	
 ﾠlow	
 ﾠinternal	
 ﾠresistance	
 ﾠof	
 ﾠthe	
 ﾠammeter	
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the	
 ﾠchange	
 ﾠof	
 ﾠpotential	
 ﾠbiased	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠswitching	
 ﾠof	
 ﾠcircuits	
 ﾠcan	
 ﾠbe	
 ﾠneglected.	
 ﾠThis	
 ﾠfast	
 ﾠswitching	
 ﾠand	
 ﾠ
its	
 ﾠscarce	
 ﾠinfluence	
 ﾠon	
 ﾠthe	
 ﾠtotal	
 ﾠbias	
 ﾠallow	
 ﾠevaluating	
 ﾠthe	
 ﾠelectrochemical	
 ﾠbehavior	
 ﾠof	
 ﾠcorrosion	
 ﾠwithout	
 ﾠ
interruptions	
 ﾠor	
 ﾠinterferences.	
 ﾠThe	
 ﾠsensitivity	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠmeasuring	
 ﾠinstrument	
 ﾠis	
 ﾠcomprised	
 ﾠwithin	
 ﾠ1	
 ﾠ
μA	
 ﾠ and	
 ﾠ 100	
 ﾠ mA	
 ﾠ and	
 ﾠ it	
 ﾠ is	
 ﾠ possible	
 ﾠ to	
 ﾠ obtain	
 ﾠ five	
 ﾠ measurements	
 ﾠ on	
 ﾠ each	
 ﾠ circuit	
 ﾠ per	
 ﾠ seconds.	
 ﾠ 	
 ﾠ The	
 ﾠ
possibility	
 ﾠof	
 ﾠchoosing	
 ﾠthe	
 ﾠsampling	
 ﾠrate	
 ﾠon	
 ﾠeach	
 ﾠcircuit	
 ﾠand	
 ﾠmanually	
 ﾠenabling/disabling	
 ﾠa	
 ﾠgiven	
 ﾠchannel	
 ﾠ
is	
 ﾠguaranteed	
 ﾠby	
 ﾠthe	
 ﾠsoftware	
 ﾠinterface	
 ﾠcreated	
 ﾠwith	
 ﾠLabView.	
 ﾠFor	
 ﾠeach	
 ﾠchannel,	
 ﾠthe	
 ﾠcurrent	
 ﾠvalue	
 ﾠvs.	
 ﾠ
time	
 ﾠis	
 ﾠdisplayed.	
 ﾠIn	
 ﾠthis	
 ﾠway	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠmonitor	
 ﾠdendrite	
 ﾠformations	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat	
 ﾠif	
 ﾠa	
 ﾠ
dendrite	
 ﾠshorts	
 ﾠtwo	
 ﾠelectrodes	
 ﾠon	
 ﾠa	
 ﾠcomponent	
 ﾠa	
 ﾠcurrent	
 ﾠspike	
 ﾠis	
 ﾠobserved	
 ﾠin	
 ﾠthe	
 ﾠcurrent-ﾭ‐time	
 ﾠsignal.	
 ﾠ
5.6  RTD	
 ﾠSensors	
 ﾠ
Resistance	
 ﾠTemperature	
 ﾠDetectors	
 ﾠ(RTD,	
 ﾠFigure	
 ﾠ21)	
 ﾠsensors	
 ﾠenable	
 ﾠto	
 ﾠmeasure	
 ﾠtemperature	
 ﾠchanges	
 ﾠby	
 ﾠ
correlating	
 ﾠthem	
 ﾠto	
 ﾠchanges	
 ﾠin	
 ﾠtheir	
 ﾠresistance.	
 ﾠThe	
 ﾠcore	
 ﾠelement	
 ﾠof	
 ﾠa	
 ﾠRTD	
 ﾠsensor	
 ﾠis	
 ﾠmade	
 ﾠof	
 ﾠa	
 ﾠpure	
 ﾠ
material	
 ﾠwhich	
 ﾠhas	
 ﾠa	
 ﾠpredictable	
 ﾠchange	
 ﾠin	
 ﾠresistance	
 ﾠas	
 ﾠthe	
 ﾠtemperature	
 ﾠchanges.	
 ﾠThis	
 ﾠmaterial	
 ﾠis	
 ﾠ
shaped	
 ﾠin	
 ﾠa	
 ﾠform	
 ﾠof	
 ﾠa	
 ﾠcoil	
 ﾠwrapped	
 ﾠaround	
 ﾠa	
 ﾠceramic	
 ﾠglass	
 ﾠcore	
 ﾠplaced	
 ﾠinside	
 ﾠa	
 ﾠsheathed	
 ﾠprobe	
 ﾠto	
 ﾠ
protect	
 ﾠit.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ21	
 ﾠRTD	
 ﾠsensor	
 ﾠsetup	
 ﾠ
	
 ﾠ
The	
 ﾠcommon	
 ﾠmaterials	
 ﾠused	
 ﾠfor	
 ﾠthis	
 ﾠpurpose	
 ﾠare	
 ﾠplatinum,	
 ﾠcopper	
 ﾠor	
 ﾠnickel.	
 ﾠThese	
 ﾠhave	
 ﾠa	
 ﾠrepeatable	
 ﾠ
and	
 ﾠpredictable	
 ﾠresistance	
 ﾠversus	
 ﾠtemperature	
 ﾠchanges:	
 ﾠThe	
 ﾠR	
 ﾠvs	
 ﾠT	
 ﾠrelationship	
 ﾠis	
 ﾠdefined	
 ﾠas	
 ﾠthe	
 ﾠamount	
 ﾠ
of	
 ﾠresistance	
 ﾠchange	
 ﾠof	
 ﾠthe	
 ﾠsensor	
 ﾠper	
 ﾠdegree	
 ﾠof	
 ﾠtemperature	
 ﾠchange.	
 ﾠThe	
 ﾠlinear	
 ﾠapproximation	
 ﾠof	
 ﾠthe	
 ﾠR	
 ﾠ
vs:	
 ﾠT	
 ﾠrelationship	
 ﾠbetween	
 ﾠo	
 ﾠand	
 ﾠ100°C	
 ﾠis	
 ﾠreferred	
 ﾠas	
 ﾠα,	
 ﾠwhich	
 ﾠis	
 ﾠdefined	
 ﾠby	
 ﾠthe	
 ﾠfollowing	
 ﾠequation	
 ﾠ
∝=
       
     
	
 ﾠ 	
 ﾠ Eq.5	
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Within	
 ﾠthese	
 ﾠmaterials,	
 ﾠPlatinum	
 ﾠis	
 ﾠthe	
 ﾠone	
 ﾠwhose	
 ﾠresistance	
 ﾠto	
 ﾠtemperature	
 ﾠrelationships	
 ﾠfollows	
 ﾠa	
 ﾠwell	
 ﾠ
defined	
 ﾠlinear	
 ﾠtrend	
 ﾠwith	
 ﾠand	
 ﾠalpha	
 ﾠof	
 ﾠ0.00395.	
 ﾠAdditionally,	
 ﾠthis	
 ﾠR	
 ﾠvs.	
 ﾠT	
 ﾠrelationship	
 ﾠis	
 ﾠhighly	
 ﾠrepeatable	
 ﾠ
over	
 ﾠ a	
 ﾠ temperature	
 ﾠ range	
 ﾠ from	
 ﾠ -ﾭ‐275	
 ﾠ °C	
 ﾠ to	
 ﾠ 961.78	
 ﾠ °C.	
 ﾠ Its	
 ﾠ chemical	
 ﾠ inertness	
 ﾠ is	
 ﾠ a	
 ﾠ supplementary	
 ﾠ
properties	
 ﾠwhich	
 ﾠmakes	
 ﾠPlatinum	
 ﾠthe	
 ﾠmost	
 ﾠsuitable	
 ﾠmaterial	
 ﾠfor	
 ﾠthis	
 ﾠpurpose.	
 ﾠ
The	
 ﾠRTD	
 ﾠsensor	
 ﾠused	
 ﾠfor	
 ﾠthe	
 ﾠmeasurements	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠis	
 ﾠa	
 ﾠThin	
 ﾠFinite	
 ﾠElements	
 ﾠtype.	
 ﾠA	
 ﾠthin	
 ﾠlayer	
 ﾠ(10	
 ﾠ
to	
 ﾠ100	
 ﾠÅ)	
 ﾠof	
 ﾠresistive	
 ﾠmaterial,	
 ﾠplatinum	
 ﾠin	
 ﾠthis	
 ﾠcase,	
 ﾠis	
 ﾠdeposited	
 ﾠon	
 ﾠa	
 ﾠceramic	
 ﾠsubstrate.	
 ﾠThis	
 ﾠfilm	
 ﾠis	
 ﾠthen	
 ﾠ
protected	
 ﾠby	
 ﾠeither	
 ﾠan	
 ﾠepoxy	
 ﾠor	
 ﾠa	
 ﾠglass	
 ﾠcoating,	
 ﾠwhich	
 ﾠacts	
 ﾠalso	
 ﾠas	
 ﾠa	
 ﾠstrain	
 ﾠrelief	
 ﾠfor	
 ﾠthe	
 ﾠexternal	
 ﾠlead-ﾭ‐
wires.	
 ﾠ
	
 ﾠ
Different	
 ﾠ wiring	
 ﾠ configurations	
 ﾠ are	
 ﾠ available	
 ﾠ to	
 ﾠ measure	
 ﾠ this	
 ﾠ change	
 ﾠ of	
 ﾠ electrical	
 ﾠ resistance	
 ﾠ due	
 ﾠ to	
 ﾠ
variation	
 ﾠ in	
 ﾠ temperature:	
 ﾠ 2-ﾭ‐wire,	
 ﾠ 3-ﾭ‐wire	
 ﾠ and	
 ﾠ 4-ﾭ‐wire	
 ﾠ circuits	
 ﾠ with	
 ﾠ increasing	
 ﾠ accuracy	
 ﾠ due	
 ﾠ to	
 ﾠ the	
 ﾠ
possibility	
 ﾠof	
 ﾠreducing	
 ﾠthe	
 ﾠeffects	
 ﾠof	
 ﾠthe	
 ﾠlead	
 ﾠresistance.	
 ﾠWith	
 ﾠthe	
 ﾠ2-ﾭ‐wire	
 ﾠcircuit	
 ﾠthe	
 ﾠresistance	
 ﾠof	
 ﾠthe	
 ﾠ
connecting	
 ﾠwires	
 ﾠis	
 ﾠadded	
 ﾠto	
 ﾠthat	
 ﾠof	
 ﾠthe	
 ﾠsensor,	
 ﾠleading	
 ﾠto	
 ﾠerrors	
 ﾠof	
 ﾠmeasurement.	
 ﾠHowever,	
 ﾠin	
 ﾠthe	
 ﾠcase	
 ﾠ
where	
 ﾠthe	
 ﾠlead	
 ﾠwire	
 ﾠresistance	
 ﾠis	
 ﾠmuch	
 ﾠsmaller	
 ﾠthan	
 ﾠthe	
 ﾠchange	
 ﾠin	
 ﾠresistance	
 ﾠof	
 ﾠRTD	
 ﾠas	
 ﾠa	
 ﾠresponse	
 ﾠto	
 ﾠan	
 ﾠ
increase	
 ﾠof	
 ﾠtemperature	
 ﾠper	
 ﾠ1	
 ﾠ°C,	
 ﾠthe	
 ﾠ2-ﾭ‐wire	
 ﾠcircuit	
 ﾠgives	
 ﾠquiet	
 ﾠreliable	
 ﾠresults.	
 ﾠ	
 ﾠThe	
 ﾠRTD	
 ﾠused	
 ﾠin	
 ﾠthis	
 ﾠ
project	
 ﾠis	
 ﾠa	
 ﾠ2-ﾭ‐wire	
 ﾠcircuit	
 ﾠand	
 ﾠgives	
 ﾠa	
 ﾠ3.9	
 ﾠincrease	
 ﾠof	
 ﾠresistance	
 ﾠper	
 ﾠ1°C	
 ﾠincrease	
 ﾠof	
 ﾠtemperature	
 ﾠand	
 ﾠthe	
 ﾠ
resistance	
 ﾠof	
 ﾠthe	
 ﾠlead	
 ﾠwires	
 ﾠis	
 ﾠmuch	
 ﾠlower	
 ﾠthan	
 ﾠ1	
 ﾠohm.	
 ﾠThe	
 ﾠtotal	
 ﾠerror	
 ﾠwill	
 ﾠthus	
 ﾠbe	
 ﾠless	
 ﾠthan	
 ﾠ1	
 ﾠ°C.	
 ﾠThese	
 ﾠ
conditions	
 ﾠmade	
 ﾠt	
 ﾠa	
 ﾠsuitable	
 ﾠRTD	
 ﾠfor	
 ﾠthis	
 ﾠproject.	
 ﾠThis	
 ﾠcircuit	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠin	
 ﾠFigure	
 ﾠ22.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ22	
 ﾠRTD	
 ﾠconnection	
 ﾠinto	
 ﾠ2-ﾭ‐wire	
 ﾠcircuit	
 ﾠ
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Considering	
 ﾠthe	
 ﾠnominal	
 ﾠresistance	
 ﾠof	
 ﾠthe	
 ﾠcircuit	
 ﾠof	
 ﾠ1000	
 ﾠohm	
 ﾠand	
 ﾠby	
 ﾠneglecting	
 ﾠthe	
 ﾠresistance	
 ﾠof	
 ﾠthe	
 ﾠ
lead	
 ﾠwire,	
 ﾠthe	
 ﾠoutput	
 ﾠvoltage	
 ﾠwill,	
 ﾠthus	
 ﾠbe	
 ﾠ
𝑉
    
    
       
 
  
     
  
	
 ﾠ 	
 ﾠ Eq.6	
 ﾠ
Where	
 ﾠVs	
 ﾠis	
 ﾠthe	
 ﾠapplied	
 ﾠvoltage	
 ﾠ(1,5	
 ﾠV	
 ﾠfor	
 ﾠthis	
 ﾠpurpose).	
 ﾠ
The	
 ﾠresistance	
 ﾠchange	
 ﾠof	
 ﾠplatinum	
 ﾠRTD	
 ﾠin	
 ﾠrelation	
 ﾠwith	
 ﾠtemperature	
 ﾠis	
 ﾠgiven	
 ﾠby	
 ﾠ
𝑅  = 𝑅  1 + 𝐴𝑇 + 𝐵𝑇  +  ﾠ𝐶𝑇  𝑇 − 100 −200°𝐶 < 𝑇 < 0°𝐶  ﾠEq.7 ﾠ
𝑅  = 𝑅  1 + 𝐴𝑇 + 𝐵𝑇  0°𝐶 ≤ 𝑇 < 850°𝐶  ﾠ  ﾠ  ﾠ  ﾠ Eq.8	
 ﾠ
Where	
 ﾠ
RT	
 ﾠis	
 ﾠthe	
 ﾠresistance	
 ﾠat	
 ﾠtemperature	
 ﾠT	
 ﾠ
R0	
 ﾠis	
 ﾠthe	
 ﾠresistance	
 ﾠat	
 ﾠ0	
 ﾠ°C	
 ﾠ	
 ﾠ
A=3.9083	
 ﾠx	
 ﾠ10
-ﾭ‐3	
 ﾠC
-ﾭ‐1	
 ﾠ
B=-ﾭ‐5.775	
 ﾠx	
 ﾠ10
-ﾭ‐7	
 ﾠC
-ﾭ‐2	
 ﾠ
C=-ﾭ‐4.183	
 ﾠx	
 ﾠ10
-ﾭ‐12	
 ﾠ°C
-ﾭ‐4	
 ﾠ
5.7  Climatic	
 ﾠconditions	
 ﾠfor	
 ﾠinvestigations	
 ﾠ
For	
 ﾠ qualification	
 ﾠ of	
 ﾠ new	
 ﾠ materials	
 ﾠ and	
 ﾠ products	
 ﾠ with	
 ﾠ respect	
 ﾠ to	
 ﾠ corrosion	
 ﾠ resistance	
 ﾠ accelerated	
 ﾠ
corrosion	
 ﾠtests	
 ﾠgenerally	
 ﾠneed	
 ﾠto	
 ﾠbe	
 ﾠadopted	
 ﾠduring	
 ﾠproduct	
 ﾠdesign	
 ﾠwork.	
 ﾠThe	
 ﾠhigher	
 ﾠthe	
 ﾠdegree	
 ﾠof	
 ﾠ
acceleration	
 ﾠof	
 ﾠa	
 ﾠcorrosion	
 ﾠtest	
 ﾠthe	
 ﾠmore	
 ﾠfavorable	
 ﾠthe	
 ﾠaccelerated	
 ﾠcorrosion	
 ﾠtest	
 ﾠwill	
 ﾠbe	
 ﾠin	
 ﾠkeeping	
 ﾠthe	
 ﾠ
required	
 ﾠtesting	
 ﾠtime	
 ﾠshort.	
 ﾠOn	
 ﾠthe	
 ﾠother	
 ﾠhand,	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠacceleration	
 ﾠof	
 ﾠthe	
 ﾠcorrosion	
 ﾠprocess	
 ﾠ
needs	
 ﾠto	
 ﾠbe	
 ﾠduring	
 ﾠtesting	
 ﾠthe	
 ﾠharder	
 ﾠis	
 ﾠto	
 ﾠsimulate	
 ﾠproperly	
 ﾠthe	
 ﾠnatural	
 ﾠoccurring	
 ﾠcorrosion	
 ﾠprocesses.	
 ﾠ
This	
 ﾠis	
 ﾠpointing	
 ﾠat	
 ﾠthe	
 ﾠmain	
 ﾠproblem	
 ﾠin	
 ﾠdesigning	
 ﾠmeaningful	
 ﾠaccelerated	
 ﾠcorrosion	
 ﾠtests	
 ﾠfor	
 ﾠproduct	
 ﾠ
qualification.	
 ﾠ
The	
 ﾠmain	
 ﾠparameters	
 ﾠwhich	
 ﾠplay	
 ﾠa	
 ﾠconsistent	
 ﾠrole	
 ﾠin	
 ﾠaccelerating	
 ﾠthe	
 ﾠcorrosion	
 ﾠtest	
 ﾠfor	
 ﾠfailures	
 ﾠare	
 ﾠ
environmental	
 ﾠfactors	
 ﾠlike	
 ﾠtemperature,	
 ﾠhumidity	
 ﾠand	
 ﾠcontamination.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis,	
 ﾠthe	
 ﾠpotential	
 ﾠ
bias	
 ﾠ applied	
 ﾠ to	
 ﾠ the	
 ﾠ circuit,	
 ﾠ influences	
 ﾠ to	
 ﾠ a	
 ﾠ great	
 ﾠ extent	
 ﾠ the	
 ﾠ rate	
 ﾠ and	
 ﾠ the	
 ﾠ speed	
 ﾠ of	
 ﾠ the	
 ﾠ corrosion	
 ﾠ
mechanisms.	
 ﾠBy	
 ﾠincreasing	
 ﾠthese	
 ﾠfactors	
 ﾠis	
 ﾠthus	
 ﾠpossible	
 ﾠto	
 ﾠreduce	
 ﾠthe	
 ﾠtime	
 ﾠtesting	
 ﾠfor	
 ﾠfailure.	
 ﾠIt	
 ﾠis	
 ﾠ
important	
 ﾠ to	
 ﾠ mention,	
 ﾠ though,	
 ﾠ that	
 ﾠ the	
 ﾠ choice	
 ﾠ of	
 ﾠ hazardous	
 ﾠ parameter	
 ﾠ to	
 ﾠ be	
 ﾠ increased	
 ﾠ in	
 ﾠ the	
 ﾠ
experiments	
 ﾠstrongly	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠfailure	
 ﾠmechanism	
 ﾠto	
 ﾠbe	
 ﾠinvestigated	
 ﾠas	
 ﾠwell	
 ﾠas	
 ﾠon	
 ﾠthe	
 ﾠconditions	
 ﾠ
wherein	
 ﾠthe	
 ﾠdevice	
 ﾠis	
 ﾠexpected	
 ﾠto	
 ﾠbe	
 ﾠoperating.	
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Different	
 ﾠ conditions	
 ﾠ were	
 ﾠ tested	
 ﾠ on	
 ﾠ the	
 ﾠ PCBs	
 ﾠ in	
 ﾠ this	
 ﾠ study.	
 ﾠ In	
 ﾠ this	
 ﾠ paragraph	
 ﾠ the	
 ﾠ environmental	
 ﾠ
conditions	
 ﾠapplied	
 ﾠare	
 ﾠbriefly	
 ﾠdescribed.	
 ﾠ
5.7.1  Climatic	
 ﾠchamber	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠsimulate	
 ﾠthe	
 ﾠhumidity	
 ﾠand	
 ﾠthe	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠsurrounding	
 ﾠan	
 ﾠESPC	
 ﾠPL-ﾭ‐3KPH	
 ﾠclimatic	
 ﾠ
chamber	
 ﾠ(Figure	
 ﾠ23)	
 ﾠwas	
 ﾠused.	
 ﾠIn	
 ﾠthis	
 ﾠchamber	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠplace	
 ﾠthe	
 ﾠspecimen	
 ﾠto	
 ﾠbe	
 ﾠinvestigated,	
 ﾠ
bias	
 ﾠit,	
 ﾠand	
 ﾠstress	
 ﾠit	
 ﾠwith	
 ﾠboth	
 ﾠtemperature	
 ﾠand	
 ﾠhumidity	
 ﾠchanges.	
 ﾠBy	
 ﾠcontaminating	
 ﾠthe	
 ﾠspecimen	
 ﾠis	
 ﾠ
thus	
 ﾠ possible	
 ﾠ to	
 ﾠ investigate	
 ﾠ and	
 ﾠ evaluate	
 ﾠ the	
 ﾠ combined	
 ﾠ impact	
 ﾠ of	
 ﾠ environmental	
 ﾠ factors	
 ﾠ and	
 ﾠ
contamination	
 ﾠ on	
 ﾠ susceptibility	
 ﾠ for	
 ﾠ corrosion	
 ﾠ failures.	
 ﾠ The	
 ﾠ same	
 ﾠ environmental	
 ﾠ conditions	
 ﾠ were	
 ﾠ
guaranteed	
 ﾠduring	
 ﾠeach	
 ﾠexperiment.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ23	
 ﾠESPC	
 ﾠPL-ﾭ‐3KPH	
 ﾠclimatic	
 ﾠchamber	
 ﾠ
	
 ﾠ
Two	
 ﾠmain	
 ﾠsetups	
 ﾠwere	
 ﾠsimulated	
 ﾠby	
 ﾠusing	
 ﾠthe	
 ﾠforetold	
 ﾠclimatic	
 ﾠchamber:	
 ﾠ
•  Elevation	
 ﾠof	
 ﾠrelative	
 ﾠhumidity	
 ﾠat	
 ﾠconstant	
 ﾠtemperature:	
 ﾠrH	
 ﾠincreasing	
 ﾠfrom	
 ﾠ40%	
 ﾠto	
 ﾠ98%	
 ﾠin	
 ﾠstep	
 ﾠof	
 ﾠ
5%	
 ﾠevery	
 ﾠtwo	
 ﾠhours	
 ﾠat	
 ﾠconstant	
 ﾠT=25°C	
 ﾠ
•  Constant	
 ﾠT=	
 ﾠ25°C	
 ﾠand	
 ﾠconstant	
 ﾠrH=	
 ﾠ60%	
 ﾠwhile	
 ﾠlowering	
 ﾠthe	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠwith	
 ﾠa	
 ﾠ
peltier	
 ﾠsage	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠachieve	
 ﾠcondensation	
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5.7.2  Peltier	
 ﾠstage	
 ﾠset	
 ﾠup	
 ﾠfor	
 ﾠcooling	
 ﾠ
When	
 ﾠa	
 ﾠsubstrate	
 ﾠis	
 ﾠexperiencing	
 ﾠa	
 ﾠlower	
 ﾠtemperature	
 ﾠthan	
 ﾠthe	
 ﾠsurrounding,	
 ﾠthe	
 ﾠvapor	
 ﾠdensity	
 ﾠon	
 ﾠthe	
 ﾠ
surface	
 ﾠincreases	
 ﾠup	
 ﾠto	
 ﾠthe	
 ﾠpoint	
 ﾠwhere	
 ﾠcondensation	
 ﾠhappens	
 ﾠto	
 ﾠbe.	
 ﾠThis	
 ﾠis	
 ﾠwell	
 ﾠexplained	
 ﾠfrom	
 ﾠthe	
 ﾠ
Mollier	
 ﾠdiagram	
 ﾠand	
 ﾠthe	
 ﾠtemperature	
 ﾠat	
 ﾠwhich	
 ﾠthe	
 ﾠcondensation	
 ﾠoccurs	
 ﾠis	
 ﾠthe	
 ﾠso	
 ﾠcalled	
 ﾠdew	
 ﾠpoint.	
 ﾠ	
 ﾠ
Electronics	
 ﾠdevices	
 ﾠexperience	
 ﾠthis	
 ﾠphenomenon	
 ﾠto	
 ﾠconsiderable	
 ﾠextent.	
 ﾠOutside	
 ﾠelectronics	
 ﾠdevices	
 ﾠare	
 ﾠ
subject	
 ﾠto	
 ﾠtemperature	
 ﾠchanges	
 ﾠdue	
 ﾠto	
 ﾠnight	
 ﾠand	
 ﾠday	
 ﾠshifts	
 ﾠwith	
 ﾠconsiderable	
 ﾠvariations	
 ﾠin	
 ﾠtemperature	
 ﾠ
and	
 ﾠhumidity.	
 ﾠEven	
 ﾠmore	
 ﾠcommon	
 ﾠis	
 ﾠthe	
 ﾠcase	
 ﾠof	
 ﾠsmall	
 ﾠelectronics	
 ﾠlike	
 ﾠmobile	
 ﾠphone	
 ﾠand	
 ﾠmp3	
 ﾠreaders:	
 ﾠ
the	
 ﾠenvironmental	
 ﾠchanges	
 ﾠthey	
 ﾠexperience	
 ﾠwhen	
 ﾠcarried	
 ﾠfrom	
 ﾠan	
 ﾠoutside	
 ﾠto	
 ﾠan	
 ﾠinside	
 ﾠlocation	
 ﾠmight	
 ﾠbe	
 ﾠ
sufficient	
 ﾠto	
 ﾠcreate	
 ﾠa	
 ﾠtemporary	
 ﾠwater	
 ﾠlayer	
 ﾠon	
 ﾠthe	
 ﾠcomponents	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠplaced	
 ﾠinside	
 ﾠthe	
 ﾠdevice	
 ﾠ
which	
 ﾠpromotes	
 ﾠthe	
 ﾠcorrosion	
 ﾠprocess.	
 ﾠ
	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠsimulate	
 ﾠnearly	
 ﾠdew	
 ﾠpoint	
 ﾠcondition	
 ﾠan	
 ﾠaluminum	
 ﾠstage	
 ﾠwith	
 ﾠembedded	
 ﾠPeltier	
 ﾠelements	
 ﾠwas	
 ﾠ
used.	
 ﾠThe	
 ﾠPeltier	
 ﾠelements	
 ﾠare	
 ﾠthermoelectric	
 ﾠcooler	
 ﾠwhich	
 ﾠuses	
 ﾠthe	
 ﾠPeltier	
 ﾠeffect	
 ﾠto	
 ﾠcreate	
 ﾠa	
 ﾠheat	
 ﾠflux	
 ﾠ
between	
 ﾠ the	
 ﾠ junctions	
 ﾠ of	
 ﾠ two	
 ﾠ different	
 ﾠ types	
 ﾠ of	
 ﾠ materials.	
 ﾠ When	
 ﾠ a	
 ﾠ current	
 ﾠ is	
 ﾠ flowing	
 ﾠ through	
 ﾠ the	
 ﾠ
junction	
 ﾠ of	
 ﾠ dissimilar	
 ﾠ metals,	
 ﾠ heat	
 ﾠ is	
 ﾠ generated	
 ﾠ at	
 ﾠ the	
 ﾠ upper	
 ﾠ junction	
 ﾠ and	
 ﾠ adsorbed	
 ﾠ at	
 ﾠ the	
 ﾠ lower	
 ﾠ
junction.	
 ﾠThis	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠdirection	
 ﾠin	
 ﾠwhich	
 ﾠthe	
 ﾠelectrical	
 ﾠcurrent	
 ﾠflows:	
 ﾠHeat	
 ﾠgenerated	
 ﾠby	
 ﾠcurrent	
 ﾠ
flowing	
 ﾠin	
 ﾠone	
 ﾠdirection	
 ﾠis	
 ﾠabsorbed	
 ﾠif	
 ﾠthe	
 ﾠcurrent	
 ﾠis	
 ﾠreversed.	
 ﾠWhen	
 ﾠa	
 ﾠDC	
 ﾠcurrent	
 ﾠis	
 ﾠapplied	
 ﾠheat	
 ﾠis	
 ﾠ
moved	
 ﾠfrom	
 ﾠone	
 ﾠside	
 ﾠof	
 ﾠthe	
 ﾠdevice	
 ﾠto	
 ﾠthe	
 ﾠother	
 ﾠ-ﾭ‐	
 ﾠwhere	
 ﾠit	
 ﾠmust	
 ﾠbe	
 ﾠremoved	
 ﾠwith	
 ﾠa	
 ﾠheat	
 ﾠsink.	
 ﾠ
For	
 ﾠthis	
 ﾠstudy	
 ﾠtwo	
 ﾠpeltier	
 ﾠelements	
 ﾠwere	
 ﾠplaced	
 ﾠinto	
 ﾠan	
 ﾠaluminum	
 ﾠblock.	
 ﾠThe	
 ﾠPCB	
 ﾠwas	
 ﾠplaced	
 ﾠon	
 ﾠthe	
 ﾠtop	
 ﾠ
of	
 ﾠthe	
 ﾠblock	
 ﾠwhere	
 ﾠthe	
 ﾠcooling	
 ﾠsurface	
 ﾠwas	
 ﾠsituated.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠguarantee	
 ﾠthe	
 ﾠhighest	
 ﾠpossible	
 ﾠcontact	
 ﾠ
within	
 ﾠthe	
 ﾠtwo	
 ﾠsurfaces,	
 ﾠthe	
 ﾠPCB	
 ﾠwas	
 ﾠscrewed	
 ﾠat	
 ﾠeach	
 ﾠcorner	
 ﾠof	
 ﾠthe	
 ﾠstage.	
 ﾠThis	
 ﾠwas	
 ﾠdone	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠ
ensure	
 ﾠthe	
 ﾠmost	
 ﾠuniform	
 ﾠtemperature	
 ﾠdistribution	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠand	
 ﾠits	
 ﾠcomponents	
 ﾠ(Figure	
 ﾠ24).	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ24	
 ﾠTest	
 ﾠPCB	
 ﾠsetup	
 ﾠmounted	
 ﾠon	
 ﾠan	
 ﾠaluminum	
 ﾠcase	
 ﾠcontaining	
 ﾠtwo	
 ﾠPeltier	
 ﾠstages	
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 ﾠ
The	
 ﾠheat	
 ﾠfrom	
 ﾠthe	
 ﾠtop	
 ﾠside,	
 ﾠwhere	
 ﾠthe	
 ﾠPCB	
 ﾠis	
 ﾠplaced,is	
 ﾠthus	
 ﾠtransferred	
 ﾠto	
 ﾠthe	
 ﾠbottom	
 ﾠside.	
 ﾠHowever	
 ﾠthe	
 ﾠ
total	
 ﾠamount	
 ﾠof	
 ﾠheat	
 ﾠgenerated	
 ﾠby	
 ﾠPeltier	
 ﾠelements	
 ﾠis	
 ﾠrising	
 ﾠin	
 ﾠtime,	
 ﾠdue	
 ﾠto	
 ﾠtheir	
 ﾠlow	
 ﾠefficiency.	
 ﾠIn	
 ﾠorder	
 ﾠ
to	
 ﾠabsorb	
 ﾠthis	
 ﾠincreasing	
 ﾠheat,	
 ﾠwater	
 ﾠcirculating	
 ﾠat	
 ﾠconstant	
 ﾠtemperature	
 ﾠthrough	
 ﾠthe	
 ﾠaluminum	
 ﾠblock,	
 ﾠ
from	
 ﾠthe	
 ﾠheating	
 ﾠside	
 ﾠof	
 ﾠpeltier	
 ﾠelements	
 ﾠhas	
 ﾠbeen	
 ﾠused.	
 ﾠThis	
 ﾠensures	
 ﾠa	
 ﾠconstant	
 ﾠtemperature	
 ﾠon	
 ﾠthe	
 ﾠ
surface	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠto	
 ﾠbe	
 ﾠtested.	
 ﾠAn	
 ﾠinternal	
 ﾠheating	
 ﾠsystem	
 ﾠmaintains	
 ﾠconstant	
 ﾠthe	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠ
cooling	
 ﾠwater.	
 ﾠ
5.8  	
 ﾠ Double	
 ﾠPt	
 ﾠelectrode	
 ﾠset	
 ﾠup	
 ﾠfor	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠ
A	
 ﾠ double	
 ﾠ platinum	
 ﾠ electrode	
 ﾠ set	
 ﾠ up	
 ﾠ shown	
 ﾠ in	
 ﾠ Figure	
 ﾠ xx	
 ﾠ is	
 ﾠ used	
 ﾠ for	
 ﾠ measuring	
 ﾠ the	
 ﾠ leakage	
 ﾠ current	
 ﾠ
through	
 ﾠa	
 ﾠtiny	
 ﾠdrop-ﾭ‐let	
 ﾠof	
 ﾠsolution.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠmeasure	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠWOAs	
 ﾠa	
 ﾠ100	
 ﾠ
µl	
 ﾠdroplet	
 ﾠof	
 ﾠeach	
 ﾠsolution	
 ﾠwas	
 ﾠused.	
 ﾠThis	
 ﾠdroplet	
 ﾠwas	
 ﾠplaced	
 ﾠon	
 ﾠa	
 ﾠpolystyrene	
 ﾠsubstrate,	
 ﾠpreviously	
 ﾠ
cleaned	
 ﾠ with	
 ﾠ ethanol	
 ﾠ to	
 ﾠ remove	
 ﾠ any	
 ﾠ possible	
 ﾠ trace	
 ﾠ of	
 ﾠ contamination	
 ﾠ which	
 ﾠ can	
 ﾠ interfere	
 ﾠ with	
 ﾠ the	
 ﾠ
measurements.	
 ﾠ	
 ﾠThe	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasured	
 ﾠis	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠvarious	
 ﾠparameters	
 ﾠrelated	
 ﾠto	
 ﾠthe	
 ﾠduel	
 ﾠ
platinum	
 ﾠelectrode	
 ﾠset	
 ﾠup,	
 ﾠand	
 ﾠthese	
 ﾠare:	
 ﾠ
•  The	
 ﾠexposed	
 ﾠarea	
 ﾠA	
 ﾠof	
 ﾠthe	
 ﾠelectrodes	
 ﾠ
•  The	
 ﾠdistance	
 ﾠd	
 ﾠbetween	
 ﾠthe	
 ﾠelectrodes	
 ﾠ
The	
 ﾠtesting	
 ﾠtool	
 ﾠdesigned	
 ﾠat	
 ﾠDTU	
 ﾠprovides	
 ﾠthe	
 ﾠpossibility	
 ﾠof	
 ﾠfixating	
 ﾠthe	
 ﾠdistance	
 ﾠbetween	
 ﾠthe	
 ﾠelectrodes	
 ﾠ
keeping	
 ﾠthis	
 ﾠway	
 ﾠthe	
 ﾠexposed	
 ﾠarea	
 ﾠconstant.	
 ﾠThus	
 ﾠPlatinum	
 ﾠwires	
 ﾠwith	
 ﾠa	
 ﾠconstant	
 ﾠdiameter	
 ﾠof	
 ﾠ0.5	
 ﾠmm	
 ﾠ
have	
 ﾠbeen	
 ﾠused.	
 ﾠThe	
 ﾠarea	
 ﾠwhich	
 ﾠis	
 ﾠnot	
 ﾠexposed	
 ﾠhas	
 ﾠbeen	
 ﾠcoated	
 ﾠwith	
 ﾠa	
 ﾠpolymer	
 ﾠwiring	
 ﾠinsulation	
 ﾠand	
 ﾠ
the	
 ﾠtop	
 ﾠparts	
 ﾠare	
 ﾠkept	
 ﾠbare	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠconnect	
 ﾠthem	
 ﾠto	
 ﾠa	
 ﾠpotentiostat.	
 ﾠThe	
 ﾠwires	
 ﾠare	
 ﾠheld	
 ﾠby	
 ﾠan	
 ﾠacrylic	
 ﾠ
aggregate	
 ﾠwith	
 ﾠgrooves	
 ﾠand	
 ﾠholes.	
 ﾠThrough	
 ﾠthe	
 ﾠuse	
 ﾠof	
 ﾠscrews	
 ﾠplaced	
 ﾠon	
 ﾠthe	
 ﾠshaft	
 ﾠof	
 ﾠthe	
 ﾠtool	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠ
to	
 ﾠset	
 ﾠthe	
 ﾠelectrodes	
 ﾠat	
 ﾠa	
 ﾠfixed	
 ﾠdistance	
 ﾠof	
 ﾠ3.55	
 ﾠmm.	
 ﾠThe	
 ﾠlength	
 ﾠof	
 ﾠthe	
 ﾠbare	
 ﾠtip	
 ﾠwas	
 ﾠregulated	
 ﾠto	
 ﾠ1	
 ﾠmm	
 ﾠby	
 ﾠ
using	
 ﾠcyanoacrylate	
 ﾠtype	
 ﾠsuperglue	
 ﾠ(Figure	
 ﾠ25).	
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 ﾠ
Figure	
 ﾠ25	
 ﾠLRTD	
 ﾠsetup	
 ﾠ(on	
 ﾠthe	
 ﾠleft);	
 ﾠclose	
 ﾠup	
 ﾠof	
 ﾠthe	
 ﾠplatinum	
 ﾠtips	
 ﾠ(on	
 ﾠthe	
 ﾠright)	
 ﾠ
	
 ﾠ
The	
 ﾠwires	
 ﾠare	
 ﾠmade	
 ﾠout	
 ﾠof	
 ﾠplatinum	
 ﾠas	
 ﾠit	
 ﾠexhibits	
 ﾠa	
 ﾠvery	
 ﾠstable	
 ﾠbehavior	
 ﾠeven	
 ﾠat	
 ﾠlarge	
 ﾠpotentials	
 ﾠend	
 ﾠ
electrolyte	
 ﾠconcentrations.	
 ﾠBy	
 ﾠlooking	
 ﾠat	
 ﾠthe	
 ﾠPourbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠplatinum	
 ﾠ(Figure	
 ﾠ26)	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠ
notice	
 ﾠthat	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠmaterial	
 ﾠit	
 ﾠis	
 ﾠlimited	
 ﾠto	
 ﾠa	
 ﾠregion	
 ﾠof	
 ﾠpH	
 ﾠbetween	
 ﾠ0	
 ﾠand	
 ﾠ3	
 ﾠand	
 ﾠpotentials	
 ﾠ
between	
 ﾠ1	
 ﾠand	
 ﾠ1.5.	
 ﾠAt	
 ﾠhigher	
 ﾠpotentials	
 ﾠit	
 ﾠwill	
 ﾠreact	
 ﾠto	
 ﾠform	
 ﾠa	
 ﾠstable	
 ﾠPtO2	
 ﾠcompound	
 ﾠat	
 ﾠthe	
 ﾠanode	
 ﾠand	
 ﾠ
remain	
 ﾠas	
 ﾠstable	
 ﾠPt	
 ﾠat	
 ﾠthe	
 ﾠcathode,	
 ﾠwhich	
 ﾠwill	
 ﾠnot	
 ﾠcontribute	
 ﾠto	
 ﾠthe	
 ﾠmeasured	
 ﾠleakage	
 ﾠcurrent.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ26Purbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠplatinum	
 ﾠ
The	
 ﾠLRTD	
 ﾠwas	
 ﾠmounted	
 ﾠon	
 ﾠthe	
 ﾠcarrousel	
 ﾠof	
 ﾠan	
 ﾠoptical	
 ﾠmicroscope	
 ﾠand	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠbetween	
 ﾠthe	
 ﾠ
electrodes	
 ﾠ were	
 ﾠ measured	
 ﾠ with	
 ﾠ “BioLogic	
 ﾠ VSP”	
 ﾠ multichannel	
 ﾠ potentiostat.	
 ﾠ The	
 ﾠ terminals	
 ﾠ of	
 ﾠ the	
 ﾠ
potentiostat	
 ﾠwere	
 ﾠconnected	
 ﾠto	
 ﾠthe	
 ﾠelectrodes	
 ﾠand	
 ﾠthe	
 ﾠresponse	
 ﾠof	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠthrough	
 ﾠthe	
 ﾠ
electrolyte	
 ﾠto	
 ﾠapplied	
 ﾠpotential	
 ﾠwas	
 ﾠmeasuered.	
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5.9  Potentiostat	
 ﾠ
In	
 ﾠ order	
 ﾠ to	
 ﾠ measure	
 ﾠ the	
 ﾠ leakage	
 ﾠ currents	
 ﾠ in	
 ﾠ all	
 ﾠ the	
 ﾠ experiments	
 ﾠ of	
 ﾠ this	
 ﾠ project	
 ﾠ a	
 ﾠ BioLogic	
 ﾠ VSP	
 ﾠ
multichannel	
 ﾠpotentiostat	
 ﾠ(Figure	
 ﾠ27)	
 ﾠ was	
 ﾠ used.	
 ﾠ It	
 ﾠ has	
 ﾠ three	
 ﾠ independent	
 ﾠ potentiostat	
 ﾠ units	
 ﾠ with	
 ﾠ a	
 ﾠ
current	
 ﾠranging	
 ﾠfrom	
 ﾠ1	
 ﾠnA	
 ﾠup	
 ﾠto	
 ﾠ400	
 ﾠmA	
 ﾠwith	
 ﾠa	
 ﾠ760	
 ﾠpA	
 ﾠresolution.	
 ﾠThe	
 ﾠvoltage	
 ﾠis	
 ﾠadjustable	
 ﾠwithin	
 ﾠa	
 ﾠ
range	
 ﾠfrom	
 ﾠ0	
 ﾠand	
 ﾠ20	
 ﾠV	
 ﾠwith	
 ﾠa	
 ﾠresolution	
 ﾠof	
 ﾠ300	
 ﾠµV	
 ﾠand	
 ﾠan	
 ﾠacquisition	
 ﾠtime	
 ﾠof	
 ﾠ20	
 ﾠμS.	
 ﾠThe	
 ﾠpotentiostat	
 ﾠis	
 ﾠ
controlled	
 ﾠfrom	
 ﾠa	
 ﾠPC	
 ﾠby	
 ﾠa	
 ﾠUSB	
 ﾠconnection.	
 ﾠMeasurements	
 ﾠwere	
 ﾠconducted	
 ﾠwith	
 ﾠthe	
 ﾠEC-ﾭ‐Lab®	
 ﾠsoftware	
 ﾠin	
 ﾠ
the	
 ﾠ Chronoamperometry	
 ﾠ mode.	
 ﾠ Chronoamperometry	
 ﾠ is	
 ﾠ an	
 ﾠ electrochemical	
 ﾠ technique	
 ﾠ in	
 ﾠ which	
 ﾠ the	
 ﾠ
potential	
 ﾠof	
 ﾠthe	
 ﾠworking	
 ﾠelectrode	
 ﾠis	
 ﾠstepped	
 ﾠand	
 ﾠthe	
 ﾠresulting	
 ﾠcurrent	
 ﾠfrom	
 ﾠfaradic	
 ﾠprocesses	
 ﾠoccurring	
 ﾠ
at	
 ﾠthe	
 ﾠelectrode	
 ﾠ(caused	
 ﾠby	
 ﾠthe	
 ﾠpotential	
 ﾠstep)	
 ﾠis	
 ﾠmonitored	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠtime.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ27	
 ﾠBioLogic	
 ﾠVSP	
 ﾠmultichannel	
 ﾠpotentiostat	
 ﾠ
	
 ﾠ
The	
 ﾠ system	
 ﾠ consists	
 ﾠ of	
 ﾠ three	
 ﾠ electrodes,	
 ﾠ namely:	
 ﾠ the	
 ﾠ working	
 ﾠ electrode	
 ﾠ W	
 ﾠ (the	
 ﾠ specimen	
 ﾠ to	
 ﾠ be	
 ﾠ
investigated);	
 ﾠthe	
 ﾠcounter	
 ﾠelectrode	
 ﾠC	
 ﾠand	
 ﾠthe	
 ﾠreference	
 ﾠelectrode	
 ﾠR.	
 ﾠW	
 ﾠand	
 ﾠR	
 ﾠare	
 ﾠconnected	
 ﾠthrough	
 ﾠa	
 ﾠ
salt	
 ﾠbridge	
 ﾠas	
 ﾠshown	
 ﾠin	
 ﾠFigure.	
 ﾠThe	
 ﾠpotentiostat	
 ﾠfunctions	
 ﾠby	
 ﾠmaintaining	
 ﾠconstant	
 ﾠthe	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠ
WE	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠRE.	
 ﾠThis	
 ﾠis	
 ﾠdone	
 ﾠby	
 ﾠdelivering	
 ﾠthe	
 ﾠnecessary	
 ﾠcurrent	
 ﾠbetween	
 ﾠthe	
 ﾠcell	
 ﾠconsisting	
 ﾠ
of	
 ﾠthe	
 ﾠCE	
 ﾠand	
 ﾠthe	
 ﾠWE.	
 ﾠFor	
 ﾠthe	
 ﾠWE	
 ﾠthis	
 ﾠis	
 ﾠexperienced	
 ﾠas	
 ﾠan	
 ﾠexternal	
 ﾠcurrent.	
 ﾠ
5.10 Conductivity	
 ﾠmeasurement	
 ﾠsetup	
 ﾠ
In	
 ﾠ order	
 ﾠ to	
 ﾠ measure	
 ﾠ the	
 ﾠ conductivity	
 ﾠ of	
 ﾠ the	
 ﾠ solutions	
 ﾠ to	
 ﾠ be	
 ﾠ investigated	
 ﾠ in	
 ﾠ this	
 ﾠ work,	
 ﾠ a	
 ﾠ CDM201	
 ﾠ
conductivity	
 ﾠmeter	
 ﾠhas	
 ﾠbeen	
 ﾠemployed.	
 ﾠEach	
 ﾠsolution	
 ﾠwas	
 ﾠplaced	
 ﾠin	
 ﾠa	
 ﾠ5	
 ﾠml	
 ﾠvial	
 ﾠwere	
 ﾠthe	
 ﾠ4-ﾭ‐electrode	
 ﾠ
conductivity	
 ﾠcell	
 ﾠwas	
 ﾠdipped	
 ﾠto	
 ﾠperform	
 ﾠthe	
 ﾠmeasurements	
 ﾠ(Figure	
 ﾠ28).	
 ﾠThis	
 ﾠtool	
 ﾠuses	
 ﾠan	
 ﾠalternating	
 ﾠ
current	
 ﾠand	
 ﾠit	
 ﾠmeasures	
 ﾠthe	
 ﾠconductivity	
 ﾠwithin	
 ﾠa	
 ﾠrange	
 ﾠfrom	
 ﾠ0.01	
 ﾠμS	
 ﾠto	
 ﾠ400	
 ﾠμS	
 ﾠ	
 ﾠwith	
 ﾠan	
 ﾠaccuracy	
 ﾠof	
 ﾠ±	
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0,2%	
 ﾠof	
 ﾠreading	
 ﾠ±	
 ﾠ3	
 ﾠon	
 ﾠleast	
 ﾠsignificant	
 ﾠdigit.	
 ﾠSince	
 ﾠthe	
 ﾠAC	
 ﾠcurrent	
 ﾠis	
 ﾠapplied	
 ﾠonly	
 ﾠon	
 ﾠthe	
 ﾠouter	
 ﾠelectrodes	
 ﾠ
there	
 ﾠis	
 ﾠno	
 ﾠpolarization	
 ﾠeffect	
 ﾠon	
 ﾠthe	
 ﾠinner	
 ﾠelectrodes,	
 ﾠwhich	
 ﾠmeasures	
 ﾠthe	
 ﾠvoltage.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ28	
 ﾠCDM210	
 ﾠconductivity	
 ﾠmeter	
 ﾠ(on	
 ﾠthe	
 ﾠleft);	
 ﾠ4-ﾭ‐electrode	
 ﾠconductivity	
 ﾠcell	
 ﾠ
	
 ﾠ
5.11 Reference	
 ﾠElectrode	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠdraw	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠon	
 ﾠtin	
 ﾠfor	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs	
 ﾠa	
 ﾠSilver/Silver	
 ﾠChloride	
 ﾠelectrode	
 ﾠ
has	
 ﾠbeen	
 ﾠused	
 ﾠas	
 ﾠa	
 ﾠreference	
 ﾠelectrode	
 ﾠin	
 ﾠthe	
 ﾠpotentiostatic	
 ﾠset-ﾭ‐up.	
 ﾠDue	
 ﾠto	
 ﾠits	
 ﾠsimplicity,	
 ﾠstability	
 ﾠand	
 ﾠ
non	
 ﾠtoxicity	
 ﾠit	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠas	
 ﾠa	
 ﾠreference	
 ﾠelectrode	
 ﾠin	
 ﾠthis	
 ﾠproject.	
 ﾠIt	
 ﾠis	
 ﾠmade	
 ﾠof	
 ﾠa	
 ﾠsingle	
 ﾠsilver	
 ﾠ
wire	
 ﾠ coated	
 ﾠ with	
 ﾠ a	
 ﾠ thin	
 ﾠ layer	
 ﾠ of	
 ﾠ silver	
 ﾠ chloride	
 ﾠ by	
 ﾠ electroplating.	
 ﾠ The	
 ﾠ redox	
 ﾠ reactions	
 ﾠ which	
 ﾠ occur	
 ﾠ
between	
 ﾠthe	
 ﾠsilver	
 ﾠmetal	
 ﾠ(Ag)	
 ﾠand	
 ﾠits	
 ﾠsalt	
 ﾠ(AgCl)	
 ﾠare	
 ﾠthe	
 ﾠfollowing:	
 ﾠ
	
 ﾠ
𝐴𝑔  + 𝑒  ↔ 𝐴𝑔 𝑠  ﾠ  ﾠ Eq.9 ﾠ
𝐴𝑔𝐶𝑙 𝑠 ↔ 𝐴𝑔  + 𝐶𝑙  ﾠ Eq.10	
 ﾠ
This	
 ﾠcan	
 ﾠbe	
 ﾠwritten	
 ﾠas	
 ﾠan	
 ﾠoverall	
 ﾠreaction:	
 ﾠ
𝐴𝑔𝐶𝑙 𝑠 + 𝑒  ↔ 𝐴𝑔(𝑠) + 𝐶𝑙 	
 ﾠ Eq.	
 ﾠ11	
 ﾠ
The	
 ﾠredox	
 ﾠreaction,	
 ﾠwhich	
 ﾠincludes	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠthe	
 ﾠmetal	
 ﾠor	
 ﾠthe	
 ﾠcathodic	
 ﾠdeposition	
 ﾠof	
 ﾠthe	
 ﾠsilver	
 ﾠ
ions,	
 ﾠhas	
 ﾠ100%	
 ﾠefficiency	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfast	
 ﾠelectrode	
 ﾠkinetics.	
 ﾠThis	
 ﾠensures	
 ﾠthat	
 ﾠsufficiently	
 ﾠhigh	
 ﾠcurrent	
 ﾠ
can	
 ﾠbe	
 ﾠpassed	
 ﾠthrough	
 ﾠthe	
 ﾠelectrode	
 ﾠwithout	
 ﾠlosses.	
 ﾠ
The	
 ﾠpotential	
 ﾠdeveloped	
 ﾠby	
 ﾠthe	
 ﾠAg/AgCl	
 ﾠelectrode	
 ﾠit	
 ﾠis	
 ﾠproportional	
 ﾠto	
 ﾠthe	
 ﾠactivity	
 ﾠof	
 ﾠchloride	
 ﾠions	
 ﾠas	
 ﾠit	
 ﾠis	
 ﾠ
shown	
 ﾠby	
 ﾠthe	
 ﾠNernst	
 ﾠequation	
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𝐸  /     = 𝐸  /    
  − 0.059𝑙𝑜𝑔  𝑎   	
 ﾠ Eq.12	
 ﾠ
	
 ﾠ
When	
 ﾠthe	
 ﾠelectrode	
 ﾠis	
 ﾠplaced	
 ﾠin	
 ﾠa	
 ﾠsaturated	
 ﾠpotassium	
 ﾠchloride	
 ﾠsolution	
 ﾠit	
 ﾠdevelops	
 ﾠa	
 ﾠpotential	
 ﾠo	
 ﾠ199	
 ﾠ
mV	
 ﾠvs.	
 ﾠSHE.	
 ﾠ	
 ﾠ	
 ﾠ
	
 ﾠ
5.12 Techniques	
 ﾠ
In	
 ﾠthis	
 ﾠparagraph	
 ﾠthe	
 ﾠtheory	
 ﾠbehind	
 ﾠelectrolyte	
 ﾠconductivity	
 ﾠand	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠand	
 ﾠthe	
 ﾠ
polarization	
 ﾠcurves	
 ﾠwill	
 ﾠbe	
 ﾠdiscussed.	
 ﾠConductivity	
 ﾠand	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠare	
 ﾠprocedures	
 ﾠ
employed	
 ﾠ to	
 ﾠ investigate	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ contamination	
 ﾠ on	
 ﾠ the	
 ﾠ corrosion	
 ﾠ failures	
 ﾠ and	
 ﾠ mechanisms	
 ﾠ on	
 ﾠ
PCBAs.	
 ﾠPolarization	
 ﾠcurves	
 ﾠwere	
 ﾠinstead	
 ﾠrecorded	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠtin,	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠ
main	
 ﾠmaterials	
 ﾠused	
 ﾠin	
 ﾠelectronics,	
 ﾠin	
 ﾠcontact	
 ﾠwith	
 ﾠthree	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs.	
 ﾠ
5.12.1  Leakage	
 ﾠCurrent	
 ﾠand	
 ﾠConductivity	
 ﾠ
The	
 ﾠcorrosion	
 ﾠreliability	
 ﾠof	
 ﾠan	
 ﾠelectronic	
 ﾠcircuit	
 ﾠdepends	
 ﾠto	
 ﾠa	
 ﾠgreat	
 ﾠextent	
 ﾠon	
 ﾠthe	
 ﾠpossibility	
 ﾠfor	
 ﾠa	
 ﾠleakage	
 ﾠ
current	
 ﾠto	
 ﾠflow	
 ﾠbetween	
 ﾠtwo	
 ﾠconductors	
 ﾠand	
 ﾠits	
 ﾠmagnitude.	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠmeasure	
 ﾠleakage	
 ﾠcurrents	
 ﾠit	
 ﾠis	
 ﾠnecessary	
 ﾠto	
 ﾠcreate	
 ﾠan	
 ﾠelectrochemical	
 ﾠcell	
 ﾠby	
 ﾠimmersing	
 ﾠtwo	
 ﾠ
metal	
 ﾠelectrodes	
 ﾠin	
 ﾠa	
 ﾠsolution	
 ﾠ(electrolyte)	
 ﾠand	
 ﾠapplying	
 ﾠa	
 ﾠbias	
 ﾠpotential	
 ﾠ(Figure	
 ﾠ29	
 ﾠa)).	
 ﾠThe	
 ﾠapplied	
 ﾠ
potential	
 ﾠwill	
 ﾠbe	
 ﾠthe	
 ﾠdriving	
 ﾠforce	
 ﾠwhich	
 ﾠmoves	
 ﾠthe	
 ﾠnegatively	
 ﾠcharged	
 ﾠions	
 ﾠ(anions)	
 ﾠto	
 ﾠthe	
 ﾠpositive	
 ﾠ
electrode	
 ﾠ(anode)	
 ﾠand	
 ﾠthe	
 ﾠpositively	
 ﾠcharged	
 ﾠions	
 ﾠ(cations)	
 ﾠto	
 ﾠthe	
 ﾠnegative	
 ﾠelectrode	
 ﾠ(cathode).	
 ﾠCharged	
 ﾠ
species	
 ﾠwill	
 ﾠbe	
 ﾠbuild	
 ﾠup	
 ﾠat	
 ﾠthe	
 ﾠelectrodes	
 ﾠcreating	
 ﾠthe	
 ﾠso	
 ﾠcalled	
 ﾠHelmoltz	
 ﾠdouble	
 ﾠlayer	
 ﾠ(Figure	
 ﾠ29	
 ﾠb))[48].	
 ﾠ
The	
 ﾠcurrent	
 ﾠit	
 ﾠis	
 ﾠthus	
 ﾠcarried	
 ﾠby	
 ﾠelectrons	
 ﾠin	
 ﾠthe	
 ﾠelectrodes	
 ﾠand	
 ﾠby	
 ﾠcharged	
 ﾠions	
 ﾠin	
 ﾠthe	
 ﾠsolution.	
 ﾠHowever	
 ﾠ
the	
 ﾠcharge	
 ﾠbuild-ﾭ‐up	
 ﾠand	
 ﾠtransfer	
 ﾠacross	
 ﾠthe	
 ﾠelectrode-ﾭ‐electrolyte	
 ﾠinterface	
 ﾠis	
 ﾠresponsible	
 ﾠto	
 ﾠintroduce	
 ﾠ
large	
 ﾠnon-ﾭ‐ohmic	
 ﾠcontributions.	
 ﾠTherefore	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠrepresent	
 ﾠthe	
 ﾠelectrodes	
 ﾠin	
 ﾠseries	
 ﾠwith	
 ﾠthe	
 ﾠ
electrolyte,	
 ﾠas	
 ﾠa	
 ﾠparallel	
 ﾠcombination	
 ﾠof	
 ﾠa	
 ﾠcapacitor	
 ﾠand	
 ﾠa	
 ﾠnon	
 ﾠlinear	
 ﾠresistance.	
 ﾠThe	
 ﾠformer	
 ﾠstands	
 ﾠfor	
 ﾠ
the	
 ﾠcapacitance	
 ﾠof	
 ﾠthe	
 ﾠdouble	
 ﾠlayer,	
 ﾠwhereas	
 ﾠthe	
 ﾠlatter	
 ﾠfor	
 ﾠthe	
 ﾠelectrolytic	
 ﾠresistance.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠavoid	
 ﾠ
this	
 ﾠpolarization	
 ﾠeffect,	
 ﾠan	
 ﾠalternating	
 ﾠvoltage	
 ﾠhas	
 ﾠto	
 ﾠbe	
 ﾠapplied[49].	
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 ﾠ
Figure	
 ﾠ29	
 ﾠa)	
 ﾠbasic	
 ﾠDC	
 ﾠelectrochemical	
 ﾠcell;	
 ﾠb)	
 ﾠbuild	
 ﾠup	
 ﾠpf	
 ﾠHelmoltz	
 ﾠdouble	
 ﾠlayer	
 ﾠ
During	
 ﾠ this	
 ﾠ work	
 ﾠ a	
 ﾠ direct	
 ﾠ voltage	
 ﾠ has	
 ﾠ been	
 ﾠ used,	
 ﾠ sufficiently	
 ﾠ high	
 ﾠ to	
 ﾠ overcome	
 ﾠ the	
 ﾠ decomposition	
 ﾠ
potential	
 ﾠfor	
 ﾠelectrolysis.	
 ﾠAbove	
 ﾠthis	
 ﾠpotential	
 ﾠthere	
 ﾠis	
 ﾠa	
 ﾠdirect	
 ﾠproportionality	
 ﾠbetween	
 ﾠthe	
 ﾠapplied	
 ﾠ
potential	
 ﾠ and	
 ﾠ the	
 ﾠ current	
 ﾠ passing	
 ﾠ through	
 ﾠ the	
 ﾠ electrolyte.	
 ﾠ In	
 ﾠ this	
 ﾠ way,	
 ﾠ the	
 ﾠ measured	
 ﾠ current	
 ﾠ is	
 ﾠ a	
 ﾠ
contribution	
 ﾠ of	
 ﾠ the	
 ﾠ ohmic	
 ﾠ current	
 ﾠ (related	
 ﾠ to	
 ﾠ ions	
 ﾠ migration)	
 ﾠ and	
 ﾠ faradaic	
 ﾠ current	
 ﾠ (due	
 ﾠ to	
 ﾠ charge	
 ﾠ
transfer	
 ﾠduring	
 ﾠthe	
 ﾠredox	
 ﾠprocess	
 ﾠoccurring	
 ﾠat	
 ﾠthe	
 ﾠelectrodes).	
 ﾠ
When	
 ﾠthe	
 ﾠelectrode	
 ﾠare	
 ﾠbiased	
 ﾠand	
 ﾠplaced	
 ﾠin	
 ﾠan	
 ﾠelectrolyte,	
 ﾠthe	
 ﾠelectrons	
 ﾠproduced	
 ﾠat	
 ﾠthe	
 ﾠcathode	
 ﾠare	
 ﾠ
consumed	
 ﾠat	
 ﾠthe	
 ﾠcathode.	
 ﾠAs	
 ﾠa	
 ﾠconsequence,	
 ﾠthere	
 ﾠwill	
 ﾠbe	
 ﾠa	
 ﾠdevelopment	
 ﾠof	
 ﾠa	
 ﾠnegatively	
 ﾠand	
 ﾠpositively	
 ﾠ
charge	
 ﾠcould,	
 ﾠrespectively	
 ﾠon	
 ﾠthe	
 ﾠcathode	
 ﾠand	
 ﾠthe	
 ﾠanode.	
 ﾠThese	
 ﾠcharges	
 ﾠare	
 ﾠneutralized	
 ﾠby	
 ﾠthe	
 ﾠions	
 ﾠin	
 ﾠ
the	
 ﾠsolution,	
 ﾠenabling	
 ﾠthe	
 ﾠelectrons	
 ﾠto	
 ﾠkeep	
 ﾠflowing.	
 ﾠ
5.12.2  Conductivity	
 ﾠmeasurements	
 ﾠ
The	
 ﾠconductivity	
 ﾠof	
 ﾠa	
 ﾠsolution	
 ﾠis	
 ﾠdefined	
 ﾠas	
 ﾠthe	
 ﾠability	
 ﾠo	
 ﾠconducting	
 ﾠelectricity.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠdefine	
 ﾠthe	
 ﾠ
conductivity	
 ﾠit	
 ﾠis	
 ﾠfirst	
 ﾠnecessary	
 ﾠto	
 ﾠknow	
 ﾠthe	
 ﾠresistance	
 ﾠof	
 ﾠthe	
 ﾠsolution	
 ﾠR	
 ﾠwhich	
 ﾠcan	
 ﾠbe	
 ﾠcalculated	
 ﾠusing	
 ﾠ
the	
 ﾠOhm’s	
 ﾠlaw[50]	
 ﾠ
R = V
I	
 ﾠ Eq.	
 ﾠ13	
 ﾠ
Where	
 ﾠV	
 ﾠis	
 ﾠthe	
 ﾠapplied	
 ﾠvoltage	
 ﾠand	
 ﾠI	
 ﾠis	
 ﾠthe	
 ﾠcurrent	
 ﾠflowing	
 ﾠthrough	
 ﾠthe	
 ﾠsolution.	
 ﾠ	
 ﾠ
What	
 ﾠthe	
 ﾠconductivity	
 ﾠmeter	
 ﾠmeasures	
 ﾠis,	
 ﾠhowever	
 ﾠthe	
 ﾠconductance	
 ﾠG = 1/R	
 ﾠ(S)	
 ﾠand	
 ﾠit	
 ﾠdisplays	
 ﾠthe	
 ﾠ
reading	
 ﾠconverted	
 ﾠinto	
 ﾠconductivity	
 ﾠ(S/cm)	
 ﾠ
κ = G ∙ K	
 ﾠ Eq.14	
 ﾠ
Where	
 ﾠK	
 ﾠis	
 ﾠthe	
 ﾠcell	
 ﾠconstant	
 ﾠ(cm
-ﾭ‐1),	
 ﾠwhich	
 ﾠis	
 ﾠdefined	
 ﾠas	
 ﾠthe	
 ﾠratio	
 ﾠof	
 ﾠthe	
 ﾠdistance	
 ﾠd	
 ﾠ(cm)	
 ﾠbetween	
 ﾠthe	
 ﾠ
electrodes	
 ﾠto	
 ﾠthe	
 ﾠarea	
 ﾠa	
 ﾠ(cm
2)	
 ﾠof	
 ﾠthe	
 ﾠelectrodes:	
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K = d a	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠmeasure	
 ﾠthe	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠcell	
 ﾠconstant	
 ﾠk	
 ﾠtwo	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠKCl	
 ﾠwere	
 ﾠtaken,	
 ﾠ
namely	
 ﾠ 1M	
 ﾠ and	
 ﾠ 0.1M.	
 ﾠ Their	
 ﾠ conductivity	
 ﾠ values	
 ﾠ were	
 ﾠ then	
 ﾠ adjusted	
 ﾠ to	
 ﾠ the	
 ﾠ standard	
 ﾠ ones	
 ﾠ at	
 ﾠ the	
 ﾠ
measured	
 ﾠtemperature.	
 ﾠFrom	
 ﾠthese	
 ﾠtest	
 ﾠa	
 ﾠcell	
 ﾠconstant	
 ﾠk=0.521	
 ﾠcm
-ﾭ‐1	
 ﾠwas	
 ﾠdetermined.	
 ﾠ	
 ﾠ
A	
 ﾠ typical	
 ﾠ conductivity	
 ﾠ meter	
 ﾠ applies	
 ﾠ an	
 ﾠ alternating	
 ﾠ current	
 ﾠ at	
 ﾠ a	
 ﾠ certain	
 ﾠ frequency	
 ﾠ to	
 ﾠ two	
 ﾠ active	
 ﾠ
electrodes	
 ﾠ and	
 ﾠ records	
 ﾠ the	
 ﾠ potential.	
 ﾠ These	
 ﾠ two	
 ﾠ are	
 ﾠ then	
 ﾠ converted	
 ﾠ into	
 ﾠ conductance	
 ﾠ G	
 ﾠ and	
 ﾠ then	
 ﾠ
through	
 ﾠ the	
 ﾠ cell	
 ﾠ constant	
 ﾠ into	
 ﾠ conductivity	
 ﾠ κ.	
 ﾠ The	
 ﾠ value	
 ﾠ of	
 ﾠ the	
 ﾠ applied	
 ﾠ frequency	
 ﾠ has	
 ﾠ to	
 ﾠ limit	
 ﾠ the	
 ﾠ
accumulation	
 ﾠof	
 ﾠionic	
 ﾠspecies	
 ﾠnear	
 ﾠthe	
 ﾠelectrode	
 ﾠsurfaces	
 ﾠand	
 ﾠthe	
 ﾠconsequently	
 ﾠchemical	
 ﾠreaction	
 ﾠat	
 ﾠthe	
 ﾠ
surfaces.	
 ﾠOtherwise	
 ﾠa	
 ﾠpolarization	
 ﾠresistance	
 ﾠarises	
 ﾠleading	
 ﾠto	
 ﾠerroneous	
 ﾠresults.	
 ﾠThis	
 ﾠeffect	
 ﾠcan	
 ﾠbe	
 ﾠavoid	
 ﾠ
by	
 ﾠusing	
 ﾠa	
 ﾠ4-ﾭ‐cell	
 ﾠconductivity	
 ﾠcell,	
 ﾠas	
 ﾠit	
 ﾠwas	
 ﾠdone	
 ﾠin	
 ﾠthis	
 ﾠproject.	
 ﾠ
5.12.3  Polarization	
 ﾠCurves	
 ﾠ
Before	
 ﾠ describing	
 ﾠ the	
 ﾠ technique	
 ﾠ used	
 ﾠ to	
 ﾠ record	
 ﾠ polarization	
 ﾠ curves	
 ﾠ on	
 ﾠ Tin	
 ﾠ it	
 ﾠ is	
 ﾠ helpful	
 ﾠ to	
 ﾠ briefly	
 ﾠ
introduce	
 ﾠ the	
 ﾠ theory	
 ﾠ behind	
 ﾠ the	
 ﾠ electrode	
 ﾠ kinetics	
 ﾠ with	
 ﾠ particular	
 ﾠ focus	
 ﾠ on	
 ﾠ the	
 ﾠ polarization	
 ﾠ and	
 ﾠ
overvoltage	
 ﾠeffects.	
 ﾠ
If	
 ﾠa	
 ﾠbasic	
 ﾠZn-ﾭ‐H	
 ﾠcell	
 ﾠis	
 ﾠtaken	
 ﾠinto	
 ﾠconsideration,	
 ﾠthe	
 ﾠreaction	
 ﾠoccurring	
 ﾠat	
 ﾠthe	
 ﾠelectrodes	
 ﾠare:	
 ﾠ
Zn	
 ﾠ￠	
 ﾠZn
2+	
 ﾠ+	
 ﾠ2e
-ﾭ‐	
 ﾠ 	
 ﾠ 	
 ﾠ oxidation	
 ﾠ Eq.15	
 ﾠ
2H
+	
 ﾠ+	
 ﾠ2e
-ﾭ‐￠	
 ﾠH2	
 ﾠ 	
 ﾠ 	
 ﾠ reduction	
 ﾠ Eq.16	
 ﾠ
	
 ﾠ
These	
 ﾠtwo	
 ﾠelectrode	
 ﾠreaction	
 ﾠare,	
 ﾠusually	
 ﾠmoved	
 ﾠaway	
 ﾠfrom	
 ﾠequilibrium,	
 ﾠpolarized,	
 ﾠas	
 ﾠa	
 ﾠresult	
 ﾠof	
 ﾠthe	
 ﾠnet	
 ﾠ
electric	
 ﾠcurrent	
 ﾠflowing	
 ﾠthrough	
 ﾠthe	
 ﾠinterface	
 ﾠbetween	
 ﾠmetal	
 ﾠand	
 ﾠliquid.	
 ﾠWhen	
 ﾠa	
 ﾠcorrosion	
 ﾠprocess	
 ﾠ
occurs	
 ﾠon	
 ﾠa	
 ﾠsurface	
 ﾠthe	
 ﾠreal	
 ﾠmeasured	
 ﾠpotential	
 ﾠit	
 ﾠis	
 ﾠmeasured	
 ﾠto	
 ﾠbe	
 ﾠat	
 ﾠa	
 ﾠvalue	
 ﾠbetween	
 ﾠthe	
 ﾠequilibrium	
 ﾠ
potential	
 ﾠof	
 ﾠthe	
 ﾠcathodic	
 ﾠand	
 ﾠanodic	
 ﾠreaction,	
 ﾠas	
 ﾠillustrated	
 ﾠin	
 ﾠFigure	
 ﾠ30.	
 ﾠ
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Figure	
 ﾠ30	
 ﾠEquilibrium	
 ﾠpotentials,	
 ﾠreal	
 ﾠpotentials	
 ﾠand	
 ﾠovervoltages	
 ﾠ
The	
 ﾠdifference	
 ﾠbetween	
 ﾠthe	
 ﾠmeasured	
 ﾠpotential	
 ﾠand	
 ﾠthe	
 ﾠequilibrium	
 ﾠpotential	
 ﾠis	
 ﾠthe	
 ﾠovervoltage[34].	
 ﾠ
Thus,	
 ﾠboth	
 ﾠa	
 ﾠcathodic	
 ﾠand	
 ﾠan	
 ﾠanodic	
 ﾠovervoltage	
 ﾠwill	
 ﾠbe	
 ﾠrecorded.	
 ﾠThese	
 ﾠare	
 ﾠdefined	
 ﾠby	
 ﾠthe	
 ﾠfollowing	
 ﾠ
equations	
 ﾠ
Cathodic	
 ﾠovervoltage	
 ﾠ=	
 ﾠηc	
 ﾠ=	
 ﾠE-ﾭ‐Eoc<	
 ﾠ0	
 ﾠ
Anodic	
 ﾠovervoltage	
 ﾠ=	
 ﾠηa	
 ﾠ=	
 ﾠE-ﾭ‐Eoa>	
 ﾠ0	
 ﾠ
	
 ﾠ
Without	
 ﾠentering	
 ﾠinto	
 ﾠthe	
 ﾠdetails	
 ﾠof	
 ﾠactivation	
 ﾠand	
 ﾠconcentration	
 ﾠpolarization,	
 ﾠit	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠemphasize	
 ﾠ
that	
 ﾠin	
 ﾠthe	
 ﾠanodic	
 ﾠreaction,	
 ﾠactivation	
 ﾠpolarization	
 ﾠis	
 ﾠoften	
 ﾠdominating	
 ﾠ(except	
 ﾠwhen	
 ﾠpassivation	
 ﾠeffects	
 ﾠ
occur).	
 ﾠ 	
 ﾠ For	
 ﾠ activation	
 ﾠ polarization	
 ﾠ the	
 ﾠ relationship	
 ﾠ between	
 ﾠ current	
 ﾠ density,	
 ﾠ ia,	
 ﾠ and	
 ﾠ the	
 ﾠ anodic	
 ﾠ
overvoltage	
 ﾠηa	
 ﾠis	
 ﾠgiven	
 ﾠby	
 ﾠthe	
 ﾠTafel	
 ﾠequation	
 ﾠ
𝜂  = 𝑏  ∙ 𝑙𝑜𝑔
  
  
	
 ﾠ Eq.17	
 ﾠ
Where	
 ﾠi0	
 ﾠis	
 ﾠthe	
 ﾠexchange	
 ﾠcurrent	
 ﾠdensity,	
 ﾠand	
 ﾠba	
 ﾠis	
 ﾠthe	
 ﾠanodic	
 ﾠTafel	
 ﾠconstant	
 ﾠdefined	
 ﾠas	
 ﾠ	
 ﾠ
𝑏  =
 .   
    	
 ﾠ 	
 ﾠ Eq.18	
 ﾠ
With	
 ﾠ
R=	
 ﾠ8.314	
 ﾠJ	
 ﾠK
-ﾭ‐1	
 ﾠmol
-ﾭ‐1	
 ﾠ
T=	
 ﾠtemperature	
 ﾠK	
 ﾠ
F=	
 ﾠFaraday’s	
 ﾠconstant	
 ﾠ=	
 ﾠ96485	
 ﾠJ	
 ﾠ
α=	
 ﾠtransfer	
 ﾠcoefficient;	
 ﾠmost	
 ﾠfrequently	
 ﾠin	
 ﾠthe	
 ﾠrange	
 ﾠ0.05-ﾭ‐0.15	
 ﾠV/current	
 ﾠdensity	
 ﾠdecade	
 ﾠ
	
 ﾠ
In	
 ﾠ the	
 ﾠ reduction	
 ﾠ process	
 ﾠ (cathodic	
 ﾠ reaction)	
 ﾠ both	
 ﾠ type	
 ﾠ of	
 ﾠ polarization	
 ﾠ occur.	
 ﾠ Thus	
 ﾠ the	
 ﾠ relationship	
 ﾠ
between	
 ﾠovervoltage	
 ﾠand	
 ﾠcurrent	
 ﾠdensity	
 ﾠwill	
 ﾠtherefore	
 ﾠbe:	
 ﾠ
𝜂  = −𝑏 𝑙𝑜𝑔
  
  
+ 2.3
  
   log ﾠ(1 −
 
  
)	
 ﾠ	
 ﾠ Eq.19	
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Where	
 ﾠ𝑖  = 𝐷𝑧𝐹
  
  	
 ﾠis	
 ﾠthe	
 ﾠdiffusion	
 ﾠlimiting	
 ﾠcurrent	
 ﾠdensity	
 ﾠ(where	
 ﾠcbis	
 ﾠthe	
 ﾠconcentration	
 ﾠin	
 ﾠmol	
 ﾠcm
-ﾭ‐3	
 ﾠat	
 ﾠ
a	
 ﾠdistance	
 ﾠ𝗿	
 ﾠin	
 ﾠcm	
 ﾠfrom	
 ﾠthe	
 ﾠelectrode	
 ﾠand	
 ﾠz	
 ﾠis	
 ﾠthe	
 ﾠnumber	
 ﾠof	
 ﾠelectrons	
 ﾠper	
 ﾠmole	
 ﾠoxygen	
 ﾠreacting).	
 ﾠ
The	
 ﾠpolarization	
 ﾠcurves	
 ﾠdetermine	
 ﾠthe	
 ﾠdegree	
 ﾠof	
 ﾠpotential	
 ﾠchange	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠapplied	
 ﾠto	
 ﾠ
the	
 ﾠmetal	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠspecimen	
 ﾠto	
 ﾠbe	
 ﾠinvestigated,	
 ﾠestablishing	
 ﾠthis	
 ﾠway	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate.	
 ﾠWhen	
 ﾠthe	
 ﾠ
current	
 ﾠis	
 ﾠapplied	
 ﾠin	
 ﾠa	
 ﾠpositive	
 ﾠdirection	
 ﾠthe	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠmetal	
 ﾠsurface	
 ﾠis	
 ﾠsaid	
 ﾠto	
 ﾠbe	
 ﾠanodically	
 ﾠ
polarized;	
 ﾠ a	
 ﾠ negative	
 ﾠ direction	
 ﾠ signifies	
 ﾠ that	
 ﾠ it	
 ﾠ is	
 ﾠ cathodically	
 ﾠ polarized.	
 ﾠ Polarization	
 ﾠ curves	
 ﾠ allow	
 ﾠ
investigating	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ activation	
 ﾠ and	
 ﾠ concentration	
 ﾠ processes	
 ﾠ on	
 ﾠ the	
 ﾠ rate	
 ﾠ at	
 ﾠ which	
 ﾠ anodic	
 ﾠ or	
 ﾠ
cathodic	
 ﾠreaction	
 ﾠscan	
 ﾠgive	
 ﾠup	
 ﾠor	
 ﾠaccept	
 ﾠelectrons,	
 ﾠmeaning	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate[51].	
 ﾠ
It	
 ﾠ is	
 ﾠ seen	
 ﾠ that	
 ﾠ the	
 ﾠ overvoltage	
 ﾠ curves	
 ﾠ (Tafel	
 ﾠ Lines)	
 ﾠ are	
 ﾠ asymptotes	
 ﾠ to	
 ﾠ the	
 ﾠ polarization	
 ﾠ curves.	
 ﾠ The	
 ﾠ
cathodic	
 ﾠand	
 ﾠanodic	
 ﾠlinear	
 ﾠportions	
 ﾠof	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠcan,	
 ﾠthus,	
 ﾠbe	
 ﾠextrapolated	
 ﾠto	
 ﾠthe	
 ﾠcorrosion	
 ﾠ
potential	
 ﾠ “Ecorr”,	
 ﾠ where,	
 ﾠ under	
 ﾠ ideal	
 ﾠ conditions,	
 ﾠ they	
 ﾠ should	
 ﾠ intersect	
 ﾠ (Figure	
 ﾠ 31).	
 ﾠ The	
 ﾠ value	
 ﾠ of	
 ﾠ the	
 ﾠ
current	
 ﾠat	
 ﾠtheir	
 ﾠintersection	
 ﾠwill	
 ﾠbe	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate	
 ﾠ“icorr”	
 ﾠexpressed	
 ﾠin	
 ﾠcurrent	
 ﾠdensity.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ31	
 ﾠExtrapolation	
 ﾠof	
 ﾠEcorr	
 ﾠfrom	
 ﾠpolarization	
 ﾠcurves	
 ﾠ
	
 ﾠ
5.13 Electrolyte	
 ﾠpreparation	
 ﾠ
Several	
 ﾠelectrolyte	
 ﾠsolutions	
 ﾠwere	
 ﾠprepared	
 ﾠduring	
 ﾠthis	
 ﾠproject,	
 ﾠwith	
 ﾠthe	
 ﾠpurpose	
 ﾠof	
 ﾠinvestigating	
 ﾠtheir	
 ﾠ
effect	
 ﾠboth	
 ﾠon	
 ﾠleakage	
 ﾠcurrent	
 ﾠand	
 ﾠECM.	
 ﾠ	
 ﾠThe	
 ﾠsolvent	
 ﾠused	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠelectrolytes	
 ﾠwas	
 ﾠwater	
 ﾠpurified	
 ﾠ
with	
 ﾠ Sinergy	
 ﾠ MILLIPORE	
 ﾠ water	
 ﾠ purification	
 ﾠ system,	
 ﾠ which	
 ﾠ allow	
 ﾠ to	
 ﾠ purify	
 ﾠ water	
 ﾠ up	
 ﾠ to	
 ﾠ 18.2	
 ﾠ MΩﾷ∙cm	
 ﾠ
resistivity	
 ﾠat	
 ﾠroom	
 ﾠtemperature.	
 ﾠThe	
 ﾠfirst	
 ﾠelectrolyte	
 ﾠwas	
 ﾠused	
 ﾠas	
 ﾠa	
 ﾠreference	
 ﾠand	
 ﾠit	
 ﾠcontained	
 ﾠsodium	
 ﾠ
chloride	
 ﾠwhich	
 ﾠis	
 ﾠa	
 ﾠstrong	
 ﾠelectrolyte.	
 ﾠThe	
 ﾠsecond	
 ﾠset	
 ﾠof	
 ﾠsolutions	
 ﾠcontained	
 ﾠthe	
 ﾠpreviously	
 ﾠintroduced	
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WOAs,	
 ﾠwhich	
 ﾠare	
 ﾠthe	
 ﾠmost	
 ﾠcommon	
 ﾠactivators	
 ﾠin	
 ﾠsolder	
 ﾠfluxes.	
 ﾠDue	
 ﾠto	
 ﾠpartly	
 ﾠdisassociation	
 ﾠof	
 ﾠWOAs	
 ﾠin	
 ﾠ
water,	
 ﾠthese	
 ﾠare	
 ﾠconsidered	
 ﾠas	
 ﾠweak	
 ﾠelectrolyte.	
 ﾠThe	
 ﾠthird	
 ﾠsets	
 ﾠof	
 ﾠelectrolytes	
 ﾠwere	
 ﾠcommercial	
 ﾠflux	
 ﾠ
systems,	
 ﾠfrom	
 ﾠCOBAR.	
 ﾠThe	
 ﾠtable	
 ﾠbelow	
 ﾠsummarizes	
 ﾠprevious	
 ﾠstatements.	
 ﾠ
Table	
 ﾠ4	
 ﾠWOAs	
 ﾠand	
 ﾠFlux	
 ﾠsystems	
 ﾠtested	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠ
Reference	
 ﾠ WOAs	
 ﾠ Flux	
 ﾠSystems	
 ﾠ
NaCl	
 ﾠ Glutaric	
 ﾠacid	
 ﾠ
Adipic	
 ﾠacid	
 ﾠ
Malic	
 ﾠAcid	
 ﾠ
Succinic	
 ﾠacid	
 ﾠ
327	
 ﾠ
380_R	
 ﾠ
390_RXT	
 ﾠ
396_DRM	
 ﾠ
327_Sel	
 ﾠ
94_Sel	
 ﾠ
385_Sel	
 ﾠ
	
 ﾠ
This	
 ﾠsection	
 ﾠreviews	
 ﾠthe	
 ﾠelectrolyte	
 ﾠpreparation	
 ﾠprocedures	
 ﾠof	
 ﾠall	
 ﾠthe	
 ﾠelectrolytes	
 ﾠemployed	
 ﾠin	
 ﾠthis	
 ﾠwork.	
 ﾠ
5.13.1  Sodium	
 ﾠchloride	
 ﾠand	
 ﾠWOAs	
 ﾠ
IPC	
 ﾠJ-ﾭ‐STD-ﾭ‐001D	
 ﾠ(Requirements	
 ﾠfor	
 ﾠSoldered	
 ﾠElectrical	
 ﾠand	
 ﾠElectronic	
 ﾠAssemblies)	
 ﾠstandard	
 ﾠand	
 ﾠIPC-ﾭ‐650	
 ﾠ
ROSE	
 ﾠtest	
 ﾠmethod	
 ﾠrefer	
 ﾠto	
 ﾠthe	
 ﾠvalue	
 ﾠof	
 ﾠ1.56	
 ﾠµg/cm
2	
 ﾠas	
 ﾠan	
 ﾠupper	
 ﾠallowable	
 ﾠlimit	
 ﾠof	
 ﾠionic	
 ﾠcontamination	
 ﾠ
to	
 ﾠbe	
 ﾠpresent	
 ﾠon	
 ﾠPCBAs.	
 ﾠVarious	
 ﾠconcentrations	
 ﾠin	
 ﾠthe	
 ﾠrage	
 ﾠof	
 ﾠthis	
 ﾠlimit	
 ﾠhad	
 ﾠbeen	
 ﾠpreviously	
 ﾠinvestigated	
 ﾠ
in	
 ﾠthe	
 ﾠMaster	
 ﾠThesis	
 ﾠproject	
 ﾠof	
 ﾠVadimas	
 ﾠVerdingovas,	
 ﾠthus	
 ﾠfor	
 ﾠthis	
 ﾠpurpose	
 ﾠa	
 ﾠunique	
 ﾠconcentration	
 ﾠof	
 ﾠ
1.56	
 ﾠµg/cm
2	
 ﾠ	
 ﾠhas	
 ﾠbeen	
 ﾠtaken	
 ﾠas	
 ﾠreference	
 ﾠto	
 ﾠcompare	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠothers	
 ﾠelectrolyte	
 ﾠsystems	
 ﾠto	
 ﾠ
the	
 ﾠstandard	
 ﾠone.	
 ﾠ	
 ﾠ
Three	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠhave	
 ﾠbeen	
 ﾠprepared	
 ﾠfor	
 ﾠthis	
 ﾠproject,	
 ﾠnamely	
 ﾠ1,	
 ﾠ10,	
 ﾠ100	
 ﾠ
µg/cm
2.	
 ﾠAs	
 ﾠthe	
 ﾠacidity	
 ﾠof	
 ﾠthese	
 ﾠacids	
 ﾠis	
 ﾠlower	
 ﾠthan	
 ﾠNaCl,	
 ﾠthese	
 ﾠsolutions	
 ﾠhave	
 ﾠbeen	
 ﾠselected	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠ
test	
 ﾠthese	
 ﾠacids	
 ﾠon	
 ﾠa	
 ﾠrange	
 ﾠof	
 ﾠvalue	
 ﾠwhich	
 ﾠmay	
 ﾠcorrespond	
 ﾠto	
 ﾠthe	
 ﾠstandard	
 ﾠone.	
 ﾠ	
 ﾠ
For	
 ﾠthe	
 ﾠpreparation	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠsolutions	
 ﾠat	
 ﾠspecific	
 ﾠconcentration	
 ﾠthe	
 ﾠchemically	
 ﾠpurified	
 ﾠNaCl,	
 ﾠand	
 ﾠ
the	
 ﾠWOAs	
 ﾠwere	
 ﾠweighted	
 ﾠwith	
 ﾠelectronic	
 ﾠSartorius	
 ﾠresearch.	
 ﾠR160P.	
 ﾠsemi-ﾭ‐balance	
 ﾠand	
 ﾠthen	
 ﾠdissolved	
 ﾠin	
 ﾠ
Millipore	
 ﾠwater.	
 ﾠ
	
 ﾠ
Since	
 ﾠ the	
 ﾠ standard	
 ﾠ refers	
 ﾠ to	
 ﾠ concentration	
 ﾠ values	
 ﾠ expressed	
 ﾠ in	
 ﾠ µg/cm
2	
 ﾠ and	
 ﾠ the	
 ﾠ electrolyte	
 ﾠ has	
 ﾠ a	
 ﾠ
concentration	
 ﾠexpressed	
 ﾠin	
 ﾠg/l	
 ﾠa	
 ﾠdirect	
 ﾠconversion	
 ﾠis	
 ﾠneeded.	
 ﾠIn	
 ﾠVerdingovas’	
 ﾠproject	
 ﾠit	
 ﾠwas	
 ﾠfound	
 ﾠthat	
 ﾠa	
 ﾠ
surface	
 ﾠarea	
 ﾠof	
 ﾠ1	
 ﾠmm
2	
 ﾠcan	
 ﾠbe	
 ﾠcovered	
 ﾠwith	
 ﾠ1	
 ﾠµl	
 ﾠof	
 ﾠsolution,	
 ﾠthus	
 ﾠto	
 ﾠmove	
 ﾠfrom	
 ﾠµg/cm
2	
 ﾠto	
 ﾠg/l	
 ﾠthe	
 ﾠ
following	
 ﾠsequence	
 ﾠhas	
 ﾠbeen	
 ﾠemployed:	
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 ﾠ 	
 ﾠ
1	
 ﾠµg/cm
2￠	
 ﾠ0.01	
 ﾠµg/mm
2￠	
 ﾠ0.01	
 ﾠµg/	
 ﾠµl	
 ﾠ￠0.01	
 ﾠg/l	
 ﾠ
	
 ﾠ
This	
 ﾠconversion	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠelectrolyte	
 ﾠsolutions	
 ﾠused	
 ﾠin	
 ﾠthis	
 ﾠproject.	
 ﾠ
	
 ﾠ
5.13.2  Solder	
 ﾠFlux	
 ﾠresidues	
 ﾠ
Cobar	
 ﾠ“No-ﾭ‐clean”	
 ﾠwave	
 ﾠsolder	
 ﾠfluxes	
 ﾠwere	
 ﾠused	
 ﾠfor	
 ﾠinvestigation	
 ﾠin	
 ﾠthis	
 ﾠwork.	
 ﾠA	
 ﾠsingle	
 ﾠconcentration	
 ﾠof	
 ﾠ
100	
 ﾠ µg/cm
2	
 ﾠper	
 ﾠ flux	
 ﾠ type	
 ﾠ was	
 ﾠ tested	
 ﾠ in	
 ﾠ order	
 ﾠ to	
 ﾠ study	
 ﾠ the	
 ﾠ effect	
 ﾠ on	
 ﾠ the	
 ﾠ ECM	
 ﾠ on	
 ﾠ capacitors.	
 ﾠ The	
 ﾠ
datasheet	
 ﾠregarding	
 ﾠthe	
 ﾠproperties	
 ﾠof	
 ﾠthese	
 ﾠsolder	
 ﾠflux	
 ﾠcan	
 ﾠbe	
 ﾠfound	
 ﾠin	
 ﾠAppendix	
 ﾠIII.	
 ﾠThe	
 ﾠflux	
 ﾠresidues	
 ﾠ
were	
 ﾠseparated	
 ﾠfrom	
 ﾠthe	
 ﾠsolvent	
 ﾠand	
 ﾠthen	
 ﾠdissolved	
 ﾠinto	
 ﾠMillipore	
 ﾠwater.	
 ﾠThe	
 ﾠsteps	
 ﾠfollowed	
 ﾠto	
 ﾠprepare	
 ﾠ
the	
 ﾠsolution	
 ﾠare	
 ﾠthe	
 ﾠsame	
 ﾠas	
 ﾠin	
 ﾠVerdingovas’	
 ﾠproject	
 ﾠand	
 ﾠcan	
 ﾠbe	
 ﾠread	
 ﾠfrom	
 ﾠthere.	
 ﾠ
Each	
 ﾠ flux	
 ﾠ system	
 ﾠ had	
 ﾠ an	
 ﾠ average	
 ﾠ solid	
 ﾠ content	
 ﾠ of	
 ﾠ WOA	
 ﾠ around	
 ﾠ 2%	
 ﾠ in	
 ﾠ weight.in	
 ﾠ order	
 ﾠ to	
 ﾠ obtain	
 ﾠ a	
 ﾠ
concentration	
 ﾠof	
 ﾠ100	
 ﾠµg/cm
2	
 ﾠit	
 ﾠhas	
 ﾠbeen	
 ﾠassumed	
 ﾠthat	
 ﾠ1	
 ﾠml	
 ﾠof	
 ﾠflux	
 ﾠweights	
 ﾠ1	
 ﾠg.	
 ﾠThis	
 ﾠassumption	
 ﾠis	
 ﾠquiet	
 ﾠ
realistic	
 ﾠand	
 ﾠit	
 ﾠhas	
 ﾠbeen	
 ﾠempirically	
 ﾠverified.	
 ﾠThus,	
 ﾠ5	
 ﾠml	
 ﾠof	
 ﾠflux	
 ﾠin	
 ﾠ100	
 ﾠml	
 ﾠof	
 ﾠMillipore	
 ﾠwater	
 ﾠcorrespond	
 ﾠto	
 ﾠ
5	
 ﾠg/100ml.	
 ﾠIf	
 ﾠan	
 ﾠaverage	
 ﾠsolid	
 ﾠcontent	
 ﾠof	
 ﾠWOA	
 ﾠof	
 ﾠ2%	
 ﾠhas	
 ﾠbeen	
 ﾠconsidered,	
 ﾠ5	
 ﾠg/100ml	
 ﾠwill	
 ﾠcorrespond	
 ﾠto	
 ﾠ
0.1	
 ﾠ g/100ml,	
 ﾠ which	
 ﾠ becomes	
 ﾠ 1	
 ﾠ g/l	
 ﾠ of	
 ﾠ acid	
 ﾠ content.	
 ﾠ By	
 ﾠ following	
 ﾠ in	
 ﾠ the	
 ﾠ reverse	
 ﾠ way	
 ﾠ the	
 ﾠ previous	
 ﾠ
conversion	
 ﾠsequence,	
 ﾠthe	
 ﾠrequested	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠµg/cm
2	
 ﾠis	
 ﾠachieved.	
 ﾠTo	
 ﾠbriefly	
 ﾠsummarize	
 ﾠ5	
 ﾠml	
 ﾠ
of	
 ﾠflux	
 ﾠdissolved	
 ﾠinto	
 ﾠ100	
 ﾠml	
 ﾠof	
 ﾠMillipore	
 ﾠwater	
 ﾠgive	
 ﾠa	
 ﾠsolution	
 ﾠwith	
 ﾠa	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠµg/cm
2.	
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6  Physical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠWOAs	
 ﾠ
In	
 ﾠthis	
 ﾠchapter	
 ﾠthe	
 ﾠphysical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠinvestigated	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠwill	
 ﾠbe	
 ﾠ
introduced.	
 ﾠThese	
 ﾠwill	
 ﾠbe	
 ﾠused	
 ﾠthroughout	
 ﾠthe	
 ﾠreport	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠunderstand	
 ﾠand	
 ﾠexplained	
 ﾠthe	
 ﾠobtained	
 ﾠ
results.	
 ﾠ
6.1  Chemical	
 ﾠStructure	
 ﾠ
Weak	
 ﾠorganic	
 ﾠacids	
 ﾠare	
 ﾠoften	
 ﾠthe	
 ﾠmain	
 ﾠactivating	
 ﾠspecies	
 ﾠin	
 ﾠ“No-ﾭ‐clean”-ﾭ‐fluxes,	
 ﾠeither	
 ﾠalone	
 ﾠor	
 ﾠas	
 ﾠa	
 ﾠ
mixture	
 ﾠof	
 ﾠdifferent	
 ﾠacids.	
 ﾠ	
 ﾠThe	
 ﾠmost	
 ﾠemployed	
 ﾠones	
 ﾠare	
 ﾠespecially	
 ﾠshort-ﾭ‐chain	
 ﾠcarboxylic	
 ﾠor	
 ﾠdicarboxylic	
 ﾠ
acids	
 ﾠlike	
 ﾠadipic,	
 ﾠglutaric,	
 ﾠsuccinic	
 ﾠand	
 ﾠmalic	
 ﾠacids.	
 ﾠAs	
 ﾠactivators,	
 ﾠthese	
 ﾠacids	
 ﾠmust	
 ﾠreact	
 ﾠwith	
 ﾠthe	
 ﾠoxide	
 ﾠ
layers	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠand	
 ﾠevaporate	
 ﾠafter	
 ﾠthermal	
 ﾠexposure	
 ﾠduring	
 ﾠsoldering.	
 ﾠCarboxylic	
 ﾠand	
 ﾠdicarboxylic	
 ﾠ
acids	
 ﾠhave	
 ﾠa	
 ﾠsimilar	
 ﾠstructure	
 ﾠconsisting	
 ﾠof	
 ﾠan	
 ﾠaliphatic	
 ﾠbackbone	
 ﾠof	
 ﾠhydrocarbons	
 ﾠ(CH2)	
 ﾠwith	
 ﾠa	
 ﾠcarboxyl-ﾭ‐
group	
 ﾠ(-ﾭ‐COOH)	
 ﾠattached	
 ﾠto	
 ﾠthe	
 ﾠend	
 ﾠof	
 ﾠthe	
 ﾠmolecule[9],	
 ﾠ[52].	
 ﾠThe	
 ﾠmain	
 ﾠdifference	
 ﾠbetween	
 ﾠthese	
 ﾠtwo	
 ﾠ
species	
 ﾠconsist	
 ﾠin	
 ﾠthe	
 ﾠnumber	
 ﾠof	
 ﾠcarboxyl-ﾭ‐group	
 ﾠat	
 ﾠthe	
 ﾠend	
 ﾠof	
 ﾠthe	
 ﾠmolecule:	
 ﾠcarboxylic	
 ﾠacids	
 ﾠonly	
 ﾠhave	
 ﾠ
one	
 ﾠ carboxyl-ﾭ‐group	
 ﾠ in	
 ﾠ one	
 ﾠ end	
 ﾠ and	
 ﾠ a	
 ﾠ CH3	
 ﾠ group	
 ﾠ in	
 ﾠ the	
 ﾠ other	
 ﾠ end,	
 ﾠ whereas	
 ﾠ both	
 ﾠ the	
 ﾠ ends	
 ﾠ of	
 ﾠ
dicarbooxylic	
 ﾠacids	
 ﾠterminate	
 ﾠwith	
 ﾠa	
 ﾠcarboxyl-ﾭ‐group.	
 ﾠFigure	
 ﾠ32below	
 ﾠshows	
 ﾠthe	
 ﾠchemical	
 ﾠstructure	
 ﾠof	
 ﾠthe	
 ﾠ
investigated	
 ﾠWOAs.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ32	
 ﾠa)	
 ﾠadipic	
 ﾠacid	
 ﾠb)	
 ﾠsuccinic	
 ﾠacid	
 ﾠc)	
 ﾠglutaric	
 ﾠacid	
 ﾠd)	
 ﾠmalic	
 ﾠacid[53]	
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 ﾠ
6.2  Physical	
 ﾠProperties	
 ﾠ
Table5summarizes	
 ﾠsome	
 ﾠphysical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠforetold	
 ﾠacids	
 ﾠ	
 ﾠ
	
 ﾠ
Table5	
 ﾠPhysical	
 ﾠProperties	
 ﾠof	
 ﾠWeak	
 ﾠOrganic	
 ﾠacids[54]	
 ﾠ
Acid	
 ﾠ pKa1	
 ﾠ pKa2	
 ﾠ
Solubility	
 ﾠin	
 ﾠ
water	
 ﾠat	
 ﾠ20	
 ﾠ°C	
 ﾠ
(g/l)	
 ﾠ
Adipic	
 ﾠ 4.4	
 ﾠ 5.4	
 ﾠ 14	
 ﾠ
Succinic	
 ﾠ 4.2	
 ﾠ 5.6	
 ﾠ 80	
 ﾠ
Gluaric	
 ﾠ 4.4	
 ﾠ 5.4	
 ﾠ 639	
 ﾠ
Malic	
 ﾠ 3.4	
 ﾠ 5.1	
 ﾠ 558	
 ﾠ
	
 ﾠ
All	
 ﾠfour	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠpossess	
 ﾠtwo	
 ﾠacidic	
 ﾠgroups	
 ﾠ(COOH)	
 ﾠper	
 ﾠmolecule,	
 ﾠthus	
 ﾠthey	
 ﾠare	
 ﾠall	
 ﾠdycarboxylic	
 ﾠ
acids.	
 ﾠBy	
 ﾠlooking	
 ﾠat	
 ﾠthe	
 ﾠrelative	
 ﾠacidities,	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠis	
 ﾠthe	
 ﾠmost	
 ﾠacidic	
 ﾠof	
 ﾠthe	
 ﾠfour,	
 ﾠhaving	
 ﾠthe	
 ﾠlowest	
 ﾠ
pKa
1,	
 ﾠwhereas	
 ﾠthe	
 ﾠacidity	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠremaining	
 ﾠis	
 ﾠquiet	
 ﾠcomparable[54].	
 ﾠ
Melting	
 ﾠpoint	
 ﾠand	
 ﾠsolubility	
 ﾠin	
 ﾠwater	
 ﾠare	
 ﾠdependent	
 ﾠon	
 ﾠchemical	
 ﾠstructure.	
 ﾠThis	
 ﾠis	
 ﾠsimilar	
 ﾠfor	
 ﾠthe	
 ﾠfirst	
 ﾠ
three	
 ﾠacids,	
 ﾠwhich	
 ﾠdiffer	
 ﾠonly	
 ﾠin	
 ﾠthe	
 ﾠnumber	
 ﾠof	
 ﾠmethylene	
 ﾠ(CH2)	
 ﾠgroups	
 ﾠbetween	
 ﾠthe	
 ﾠcarboxylic-ﾭ‐acid	
 ﾠ
groups.	
 ﾠMalic	
 ﾠacid	
 ﾠhas	
 ﾠan	
 ﾠadditional	
 ﾠhydroxyl	
 ﾠgroup	
 ﾠ(OH)	
 ﾠattached	
 ﾠto	
 ﾠthe	
 ﾠbackbone	
 ﾠof	
 ﾠthe	
 ﾠhydrocarbons	
 ﾠ
chain.	
 ﾠAlthough	
 ﾠthe	
 ﾠglutaric	
 ﾠacid	
 ﾠhas	
 ﾠa	
 ﾠnumber	
 ﾠof	
 ﾠmethylene	
 ﾠthat	
 ﾠis	
 ﾠintermediate	
 ﾠbetween	
 ﾠadipic	
 ﾠacid	
 ﾠ
and	
 ﾠsuccinic	
 ﾠacid,	
 ﾠits	
 ﾠmelting	
 ﾠpoint	
 ﾠin	
 ﾠconsiderably	
 ﾠlower	
 ﾠand	
 ﾠsolubility	
 ﾠconsiderably	
 ﾠhigher	
 ﾠthan	
 ﾠboth	
 ﾠ
adipic	
 ﾠacid	
 ﾠor	
 ﾠsuccinic	
 ﾠacid.	
 ﾠThis	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠbulk	
 ﾠstructures	
 ﾠof	
 ﾠadipic	
 ﾠacid	
 ﾠand	
 ﾠsuccinic,	
 ﾠwhich	
 ﾠinvolves	
 ﾠ
association	
 ﾠof	
 ﾠcarboxylic	
 ﾠacid	
 ﾠgroups,	
 ﾠthus	
 ﾠgiving	
 ﾠa	
 ﾠ“harder”	
 ﾠstructure	
 ﾠ(Figure	
 ﾠ33).	
 ﾠGlutaric	
 ﾠacid,	
 ﾠon	
 ﾠthe	
 ﾠ
other	
 ﾠhand,	
 ﾠarranges	
 ﾠitself	
 ﾠwith	
 ﾠless	
 ﾠinteraction	
 ﾠleading	
 ﾠto	
 ﾠa	
 ﾠlower	
 ﾠmelting	
 ﾠpoint	
 ﾠand	
 ﾠgreater	
 ﾠsolubility	
 ﾠin	
 ﾠ
water.	
 ﾠMalic	
 ﾠhas	
 ﾠa	
 ﾠcomparable	
 ﾠsolubility	
 ﾠin	
 ﾠwater	
 ﾠto	
 ﾠglutaric	
 ﾠacid,	
 ﾠas	
 ﾠa	
 ﾠresult	
 ﾠof	
 ﾠthe	
 ﾠhydroxyl	
 ﾠgroup.	
 ﾠ
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1	
 ﾠpKa	
 ﾠ=	
 ﾠpH	
 ﾠof	
 ﾠa	
 ﾠsolution	
 ﾠof	
 ﾠWOA	
 ﾠif	
 ﾠ[RCOO
-ﾭ‐]	
 ﾠ=	
 ﾠ[RCOOH]	
 ﾠ	
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 ﾠ
Figure	
 ﾠ33	
 ﾠDymeric	
 ﾠform	
 ﾠof	
 ﾠcarboxylic	
 ﾠacid	
 ﾠ
The	
 ﾠchemical	
 ﾠreactions	
 ﾠinvolving	
 ﾠthe	
 ﾠorganic	
 ﾠacid	
 ﾠfunctional	
 ﾠgroups	
 ﾠand	
 ﾠthe	
 ﾠmetal-ﾭ‐oxide	
 ﾠexplain	
 ﾠthe	
 ﾠ
reduction	
 ﾠ effect	
 ﾠ of	
 ﾠ these	
 ﾠ acids.	
 ﾠ The	
 ﾠ hydrogen	
 ﾠ atoms	
 ﾠ from	
 ﾠ the	
 ﾠ carboxyl	
 ﾠ groups	
 ﾠ in	
 ﾠ the	
 ﾠ organic	
 ﾠ acid	
 ﾠ
molecules	
 ﾠreact	
 ﾠwith	
 ﾠoxygen	
 ﾠfrom	
 ﾠthe	
 ﾠoxide	
 ﾠto	
 ﾠform	
 ﾠwater,	
 ﾠwhile	
 ﾠthe	
 ﾠmetal	
 ﾠwill	
 ﾠattach	
 ﾠto	
 ﾠthe	
 ﾠremaining	
 ﾠ
organic	
 ﾠmolecule.	
 ﾠThe	
 ﾠreaction	
 ﾠis	
 ﾠthe	
 ﾠfollowing:	
 ﾠ
	
 ﾠ
	
 ﾠ 	
 ﾠ CuO	
 ﾠ+	
 ﾠ2(RCOOH)	
 ﾠ￠	
 ﾠCu(RCOO)2	
 ﾠ+	
 ﾠH2O	
 ﾠ
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7  Results	
 ﾠand	
 ﾠdiscussion	
 ﾠ
The	
 ﾠresults	
 ﾠof	
 ﾠthe	
 ﾠinvestigation	
 ﾠon	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠweak	
 ﾠorganic	
 ﾠacids	
 ﾠas	
 ﾠactivator	
 ﾠin	
 ﾠSolder	
 ﾠFlux	
 ﾠon	
 ﾠthe	
 ﾠ
climatic	
 ﾠreliability	
 ﾠof	
 ﾠPCBAs	
 ﾠare	
 ﾠintroduced.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis,	
 ﾠthe	
 ﾠresults	
 ﾠfrom	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems	
 ﾠ
employed	
 ﾠ in	
 ﾠ PCB	
 ﾠ manufacturing	
 ﾠ will	
 ﾠ be	
 ﾠ presented.	
 ﾠ Short	
 ﾠ conclusions	
 ﾠ for	
 ﾠ each	
 ﾠ chapter,	
 ﾠ briefly	
 ﾠ
summarize	
 ﾠthe	
 ﾠoutcomes.	
 ﾠThe	
 ﾠresults	
 ﾠfrom	
 ﾠeach	
 ﾠchapter	
 ﾠwill	
 ﾠbe	
 ﾠused	
 ﾠand	
 ﾠrelated	
 ﾠwith	
 ﾠeach	
 ﾠother.	
 ﾠAn	
 ﾠ
overall	
 ﾠsummary	
 ﾠat	
 ﾠthe	
 ﾠend	
 ﾠof	
 ﾠthis	
 ﾠchapter	
 ﾠprovides	
 ﾠan	
 ﾠoverview	
 ﾠof	
 ﾠthe	
 ﾠfindings,	
 ﾠlinking	
 ﾠthe	
 ﾠresults	
 ﾠfrom	
 ﾠ
a	
 ﾠbroader	
 ﾠpoint	
 ﾠof	
 ﾠview.	
 ﾠ	
 ﾠ
The	
 ﾠfirst	
 ﾠtopic	
 ﾠof	
 ﾠstudy	
 ﾠis	
 ﾠthe	
 ﾠeffect	
 ﾠon	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate	
 ﾠof	
 ﾠpure	
 ﾠtin	
 ﾠunder	
 ﾠWOA	
 ﾠcontamination.	
 ﾠFrom	
 ﾠ
this	
 ﾠexperiment	
 ﾠpolarization	
 ﾠcurves	
 ﾠare	
 ﾠdrawn	
 ﾠwhich	
 ﾠallow	
 ﾠto	
 ﾠunderstand	
 ﾠhow	
 ﾠthe	
 ﾠdifferent	
 ﾠmetal-ﾭ‐WOA	
 ﾠ
interact	
 ﾠwith	
 ﾠeach	
 ﾠother.	
 ﾠAdditionally,	
 ﾠfrom	
 ﾠthese	
 ﾠcurves,	
 ﾠit	
 ﾠwill	
 ﾠbe	
 ﾠpossible	
 ﾠto	
 ﾠdetermine	
 ﾠwhich	
 ﾠsolution	
 ﾠ
of	
 ﾠthe	
 ﾠWOAs	
 ﾠis	
 ﾠmore	
 ﾠaggressive	
 ﾠtowards	
 ﾠpure	
 ﾠtin.	
 ﾠ
The	
 ﾠ electrolytic	
 ﾠ properties	
 ﾠ of	
 ﾠ the	
 ﾠ four	
 ﾠ WOAs	
 ﾠ are	
 ﾠ investigated	
 ﾠ with	
 ﾠ the	
 ﾠ purpose	
 ﾠ of	
 ﾠ obtaining	
 ﾠ the	
 ﾠ
concentrations	
 ﾠof	
 ﾠacids	
 ﾠwhich	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠas	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠNaCl	
 ﾠ(contamination	
 ﾠlimit	
 ﾠ
referred	
 ﾠin	
 ﾠIPC	
 ﾠJ-ﾭ‐STD-ﾭ‐001D	
 ﾠstandard).	
 ﾠThe	
 ﾠresults	
 ﾠof	
 ﾠthese	
 ﾠexperiments	
 ﾠprovide	
 ﾠan	
 ﾠunderstanding	
 ﾠof	
 ﾠthe	
 ﾠ
aggressiveness	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠacids	
 ﾠtogether	
 ﾠwith	
 ﾠthe	
 ﾠdetermination	
 ﾠof	
 ﾠthe	
 ﾠconcentrations	
 ﾠto	
 ﾠbe	
 ﾠ
analyzed	
 ﾠin	
 ﾠthe	
 ﾠother	
 ﾠexperiments.	
 ﾠ
The	
 ﾠtendency	
 ﾠof	
 ﾠWOAs	
 ﾠand	
 ﾠSolder	
 ﾠFlux	
 ﾠSystem	
 ﾠto	
 ﾠinduce	
 ﾠECM	
 ﾠhas	
 ﾠbeen	
 ﾠinvestigated	
 ﾠat	
 ﾠfull	
 ﾠcondensation	
 ﾠ
conditions.	
 ﾠ Test	
 ﾠ in	
 ﾠ the	
 ﾠ climatic	
 ﾠ chamber	
 ﾠ enabled	
 ﾠ to	
 ﾠ study	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ temperature	
 ﾠ and	
 ﾠ relative	
 ﾠ
humidity	
 ﾠon	
 ﾠLC	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠand	
 ﾠcapacitor	
 ﾠon	
 ﾠtest	
 ﾠPCB.	
 ﾠThese	
 ﾠtests	
 ﾠwere	
 ﾠcarried	
 ﾠout	
 ﾠat	
 ﾠnear	
 ﾠand	
 ﾠfull	
 ﾠ
condensing	
 ﾠcondition.	
 ﾠLOM,	
 ﾠSEM/EDX	
 ﾠanalyses	
 ﾠhelp	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠcorrosion	
 ﾠfailures	
 ﾠand	
 ﾠproducts.	
 ﾠ
The	
 ﾠresults	
 ﾠof	
 ﾠeach	
 ﾠexperiment	
 ﾠare	
 ﾠcompared	
 ﾠwith	
 ﾠphysical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠ
WOAs	
 ﾠfound	
 ﾠin	
 ﾠliterature	
 ﾠand	
 ﾠprevious	
 ﾠexperimental	
 ﾠresults.	
 ﾠ
	
 ﾠ  Riccardo	
 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
	
 ﾠ
62	
 ﾠ
Danmark	
 ﾠTekniske	
 ﾠUniversitet	
 ﾠ–	
 ﾠUniversità	
 ﾠdegli	
 ﾠStudi	
 ﾠdi	
 ﾠPadova	
 ﾠ
7.1  Electrochemical	
 ﾠstudies	
 ﾠon	
 ﾠpure	
 ﾠTin	
 ﾠin	
 ﾠWOA	
 ﾠ
This	
 ﾠchapter	
 ﾠdescribed	
 ﾠthe	
 ﾠresults	
 ﾠof	
 ﾠthe	
 ﾠinvestigation	
 ﾠon	
 ﾠthe	
 ﾠelectrochemical	
 ﾠbehaviour	
 ﾠof	
 ﾠTin	
 ﾠ
in	
 ﾠ various	
 ﾠ weak	
 ﾠ organic	
 ﾠ acid	
 ﾠ solutions	
 ﾠ (Adipic,	
 ﾠ Succinic,	
 ﾠ Glutaric,	
 ﾠ and	
 ﾠ Malic)	
 ﾠ using	
 ﾠ
potentiodynamic	
 ﾠpolarization	
 ﾠexperiments.	
 ﾠ	
 ﾠ
A	
 ﾠ potentidynamic	
 ﾠ approach	
 ﾠ has	
 ﾠ been	
 ﾠ employed	
 ﾠ to	
 ﾠ recorder	
 ﾠ the	
 ﾠ polarization	
 ﾠ curves.The	
 ﾠ
potential	
 ﾠ(E)	
 ﾠof	
 ﾠthe	
 ﾠcorroding	
 ﾠmetal	
 ﾠis	
 ﾠvaried	
 ﾠsystematically	
 ﾠat	
 ﾠa	
 ﾠscan	
 ﾠrate	
 ﾠand	
 ﾠrecording	
 ﾠthe	
 ﾠ
current	
 ﾠ response	
 ﾠ as	
 ﾠ the	
 ﾠ potential	
 ﾠ changes.	
 ﾠ 	
 ﾠ The	
 ﾠ current	
 ﾠ (I)	
 ﾠ needed	
 ﾠ to	
 ﾠ maintain	
 ﾠ the	
 ﾠ metal	
 ﾠ
(working	
 ﾠelectrode	
 ﾠWE)	
 ﾠat	
 ﾠeach	
 ﾠapplied	
 ﾠpotential	
 ﾠ(Ew)	
 ﾠis	
 ﾠascertained	
 ﾠand	
 ﾠthe	
 ﾠpotential/current	
 ﾠ
data	
 ﾠis	
 ﾠplotted	
 ﾠto	
 ﾠgive	
 ﾠthe	
 ﾠexperimental	
 ﾠpolarization	
 ﾠcurve.	
 ﾠThe	
 ﾠcurves	
 ﾠare	
 ﾠdisplayed	
 ﾠwith	
 ﾠthe	
 ﾠ
independent	
 ﾠvariable	
 ﾠ(in	
 ﾠthis	
 ﾠcase	
 ﾠthe	
 ﾠpotential)	
 ﾠas	
 ﾠordinate.	
 ﾠThe	
 ﾠlog10	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠdensity	
 ﾠ
(log	
 ﾠi)	
 ﾠis	
 ﾠplotted	
 ﾠin	
 ﾠthe	
 ﾠpositive	
 ﾠx	
 ﾠdirection.	
 ﾠValue	
 ﾠof	
 ﾠEw	
 ﾠrepresents	
 ﾠthe	
 ﾠsurface	
 ﾠpotential	
 ﾠof	
 ﾠthe	
 ﾠ
corroding	
 ﾠ metal,	
 ﾠ which	
 ﾠ could	
 ﾠ be	
 ﾠ compared	
 ﾠ with	
 ﾠ the	
 ﾠ various	
 ﾠ potentials	
 ﾠ the	
 ﾠ metal	
 ﾠ can	
 ﾠ
experience	
 ﾠ on	
 ﾠ a	
 ﾠ PCBA	
 ﾠ surface.	
 ﾠ The	
 ﾠ resulting	
 ﾠ current	
 ﾠ then	
 ﾠ will	
 ﾠ represent	
 ﾠ the	
 ﾠ magnitude	
 ﾠ of	
 ﾠ
electrode	
 ﾠreactions	
 ﾠ(such	
 ﾠas	
 ﾠmetal	
 ﾠdissolution	
 ﾠor	
 ﾠany	
 ﾠother	
 ﾠpossible	
 ﾠelectrochemical	
 ﾠreactions),	
 ﾠ
part	
 ﾠof	
 ﾠof	
 ﾠit	
 ﾠis	
 ﾠrelated	
 ﾠto	
 ﾠthe	
 ﾠmetal	
 ﾠdissolution	
 ﾠin	
 ﾠthe	
 ﾠcorroding	
 ﾠenvironment.	
 ﾠ	
 ﾠDepending	
 ﾠon	
 ﾠthe	
 ﾠ
corrosion	
 ﾠsystem	
 ﾠunder	
 ﾠstudy	
 ﾠit	
 ﾠfollows	
 ﾠthat	
 ﾠfrom	
 ﾠthe	
 ﾠshape	
 ﾠof	
 ﾠthe	
 ﾠpolarization	
 ﾠcurve	
 ﾠit	
 ﾠis	
 ﾠ
possible	
 ﾠ to	
 ﾠ obtain	
 ﾠ information	
 ﾠ on	
 ﾠ the	
 ﾠ kinetics	
 ﾠ of	
 ﾠ the	
 ﾠ corrosion	
 ﾠ reactions,	
 ﾠ protective	
 ﾠ film	
 ﾠ
formation	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠpotential	
 ﾠ(passivity),	
 ﾠability	
 ﾠof	
 ﾠa	
 ﾠcompound	
 ﾠ(for	
 ﾠeg.	
 ﾠWOA)	
 ﾠto	
 ﾠact	
 ﾠas	
 ﾠa	
 ﾠ
corrosion	
 ﾠinhibitor,	
 ﾠand	
 ﾠcorrosion	
 ﾠrate	
 ﾠof	
 ﾠthe	
 ﾠmaterial.	
 ﾠ	
 ﾠ 	
 ﾠ
7.1.1  Effect	
 ﾠof	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠWOAs	
 ﾠon	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠ
Overlay	
 ﾠof	
 ﾠthe	
 ﾠpolarisation	
 ﾠcurves	
 ﾠfor	
 ﾠtin	
 ﾠin	
 ﾠincreasing	
 ﾠWOAs	
 ﾠconcentrations	
 ﾠis	
 ﾠshown	
 ﾠin	
 ﾠFigure	
 ﾠ
34.	
 ﾠThe	
 ﾠpotential	
 ﾠvalue	
 ﾠ(intersection	
 ﾠof	
 ﾠthe	
 ﾠanodic	
 ﾠand	
 ﾠcathodic	
 ﾠreaction)	
 ﾠwhere	
 ﾠthe	
 ﾠcurrent	
 ﾠ
changes	
 ﾠfrom	
 ﾠnegative	
 ﾠto	
 ﾠpositive	
 ﾠ(or	
 ﾠthe	
 ﾠpotential	
 ﾠvalue	
 ﾠat	
 ﾠwhich	
 ﾠthe	
 ﾠcathodic	
 ﾠcurrent	
 ﾠis	
 ﾠequal	
 ﾠ
to	
 ﾠthe	
 ﾠanodic	
 ﾠcurrent),	
 ﾠis	
 ﾠcalled	
 ﾠthe	
 ﾠsteady	
 ﾠstate	
 ﾠcorrosion	
 ﾠpotential,	
 ﾠEcorr.	
 ﾠThis	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠas	
 ﾠa	
 ﾠ
“notch”	
 ﾠat	
 ﾠpotentials	
 ﾠbetween	
 ﾠ-ﾭ‐500	
 ﾠmV	
 ﾠand	
 ﾠ-ﾭ‐600	
 ﾠmV	
 ﾠin	
 ﾠall	
 ﾠthe	
 ﾠcurves.	
 ﾠAt	
 ﾠpotential	
 ﾠless	
 ﾠthan	
 ﾠthis	
 ﾠ
values,	
 ﾠthe	
 ﾠcurrent	
 ﾠis	
 ﾠnegative,	
 ﾠand	
 ﾠthe	
 ﾠsurface	
 ﾠis	
 ﾠin	
 ﾠcathodic	
 ﾠdomain.	
 ﾠAt	
 ﾠpotentials	
 ﾠlarger	
 ﾠthan	
 ﾠ
Ecorr,	
 ﾠthe	
 ﾠcurrent	
 ﾠis	
 ﾠpositive,	
 ﾠand	
 ﾠanodic	
 ﾠdissolution	
 ﾠof	
 ﾠtin	
 ﾠis	
 ﾠobserved.	
 ﾠThe	
 ﾠEcorr	
 ﾠvalues	
 ﾠdid	
 ﾠnot	
 ﾠ
show	
 ﾠsignificant	
 ﾠchange	
 ﾠwith	
 ﾠincrease	
 ﾠin	
 ﾠWOA	
 ﾠconcentrations	
 ﾠirrespective	
 ﾠof	
 ﾠthe	
 ﾠacid	
 ﾠtypes.	
 ﾠ
However,	
 ﾠcathodic	
 ﾠpart	
 ﾠof	
 ﾠthe	
 ﾠcurves	
 ﾠshowed	
 ﾠan	
 ﾠincrease	
 ﾠin	
 ﾠcurrent	
 ﾠdensity	
 ﾠat	
 ﾠall	
 ﾠpotentials	
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with	
 ﾠincrease	
 ﾠin	
 ﾠconcentration	
 ﾠof	
 ﾠacids.	
 ﾠThe	
 ﾠmagnitude	
 ﾠof	
 ﾠincrease	
 ﾠwas	
 ﾠapproximatively	
 ﾠone	
 ﾠ
decade.	
 ﾠA	
 ﾠsimilar	
 ﾠbehaviour	
 ﾠcould	
 ﾠbe	
 ﾠseen	
 ﾠfor	
 ﾠthe	
 ﾠanodic	
 ﾠpart	
 ﾠof	
 ﾠthe	
 ﾠcurves	
 ﾠexcept	
 ﾠthat	
 ﾠthe	
 ﾠ
malic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠshows	
 ﾠhigher	
 ﾠanodic	
 ﾠcurrent	
 ﾠvalues	
 ﾠcompared	
 ﾠto	
 ﾠadipic	
 ﾠand	
 ﾠglutaric	
 ﾠacid.	
 ﾠ
This	
 ﾠindicate	
 ﾠthat	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠtin	
 ﾠin	
 ﾠmalic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠat	
 ﾠanodic	
 ﾠpotential	
 ﾠcan	
 ﾠbe	
 ﾠin	
 ﾠ
general	
 ﾠhigher	
 ﾠthan	
 ﾠthat	
 ﾠfor	
 ﾠadipic	
 ﾠand	
 ﾠglutaric	
 ﾠacids.	
 ﾠ	
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 ﾠ
Figure	
 ﾠ34	
 ﾠPolarization	
 ﾠcurves	
 ﾠon	
 ﾠpure	
 ﾠtin	
 ﾠin	
 ﾠWOA	
 ﾠ
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7.1.1.1  Discussion	
 ﾠ
From	
 ﾠthe	
 ﾠcurves	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthat	
 ﾠthe	
 ﾠdissolution	
 ﾠrate	
 ﾠof	
 ﾠthe	
 ﾠtin	
 ﾠis	
 ﾠseen	
 ﾠto	
 ﾠincrease	
 ﾠ
with	
 ﾠthe	
 ﾠacid	
 ﾠconcentration	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠcouples	
 ﾠWOA-ﾭ‐metal.	
 ﾠThe	
 ﾠadipic-ﾭ‐Sn	
 ﾠsystem	
 ﾠis	
 ﾠthe	
 ﾠone	
 ﾠ
which	
 ﾠshows	
 ﾠthe	
 ﾠlowest	
 ﾠcurrent	
 ﾠincrease	
 ﾠvalues	
 ﾠwithin	
 ﾠthe	
 ﾠsame	
 ﾠrange	
 ﾠof	
 ﾠ10
3	
 ﾠmA/cm
2.	
 ﾠBoth	
 ﾠ
malic-ﾭ‐Sn	
 ﾠ and	
 ﾠ succinic-ﾭ‐Sn	
 ﾠ couples	
 ﾠ have	
 ﾠ a	
 ﾠ decade	
 ﾠ increase	
 ﾠ of	
 ﾠ current	
 ﾠ observed	
 ﾠ when	
 ﾠ the	
 ﾠ
concentration	
 ﾠis	
 ﾠincreased	
 ﾠfrom	
 ﾠ1	
 ﾠμg/cm
2	
 ﾠto	
 ﾠ10	
 ﾠμg/cm
2,	
 ﾠwhile	
 ﾠit	
 ﾠremains	
 ﾠin	
 ﾠthe	
 ﾠsame	
 ﾠorder	
 ﾠof	
 ﾠ
magnitude	
 ﾠfor	
 ﾠthe	
 ﾠhighest	
 ﾠconcentration.	
 ﾠAlmost	
 ﾠa	
 ﾠdecade	
 ﾠincrease	
 ﾠin	
 ﾠcurrent	
 ﾠwas	
 ﾠobserved,	
 ﾠ
instead,	
 ﾠfor	
 ﾠthe	
 ﾠglutaric-ﾭ‐Sn	
 ﾠsystem	
 ﾠwith	
 ﾠ10	
 ﾠtimes	
 ﾠincrease	
 ﾠin	
 ﾠWOA	
 ﾠconcentration.	
 ﾠ
7.1.2  Comparisons	
 ﾠ
In	
 ﾠTable	
 ﾠ6,	
 ﾠthe	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠicorr	
 ﾠfor	
 ﾠeach	
 ﾠsystem	
 ﾠand	
 ﾠconcentration	
 ﾠare	
 ﾠcollected.	
 ﾠIt	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠ
notice	
 ﾠhow	
 ﾠthe	
 ﾠdiverse	
 ﾠcouples	
 ﾠbehave	
 ﾠdifferently	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠconcentration.	
 ﾠ
	
 ﾠ
Table	
 ﾠ6	
 ﾠicorr	
 ﾠvalues	
 ﾠrecorded	
 ﾠfor	
 ﾠeach	
 ﾠmetal-ﾭ‐woa	
 ﾠsystem	
 ﾠ
	
 ﾠ i	
 ﾠ(mA/cm^2)	
 ﾠ
	
 ﾠ 1	
 ﾠ
(ug/cm^2)	
 ﾠ
10	
 ﾠ
(ug/cm^2)	
 ﾠ
100	
 ﾠ
(ug/cm^2)	
 ﾠ
Adipic	
 ﾠ 2,13E-ﾭ‐03	
 ﾠ 5,95E-ﾭ‐03	
 ﾠ 9,66E-ﾭ‐03	
 ﾠ
Glutaric	
 ﾠ	
 ﾠ 5,79E-ﾭ‐04	
 ﾠ 9,56E-ﾭ‐03	
 ﾠ 2,71E-ﾭ‐02	
 ﾠ
Malic	
 ﾠ	
 ﾠ 3,75E-ﾭ‐03	
 ﾠ 1,45E-ﾭ‐02	
 ﾠ 6,95E-ﾭ‐02	
 ﾠ
Succinic	
 ﾠ 5,18E-ﾭ‐03	
 ﾠ 1,56E-ﾭ‐02	
 ﾠ 2,88E-ﾭ‐02	
 ﾠ
	
 ﾠ
	
 ﾠThe	
 ﾠsuccinic-ﾭ‐Sn	
 ﾠsytem	
 ﾠshows	
 ﾠthe	
 ﾠhighest	
 ﾠcurrent	
 ﾠdensity	
 ﾠfor	
 ﾠthe	
 ﾠfirst	
 ﾠtwo	
 ﾠconcentrations,	
 ﾠwhile	
 ﾠ
for	
 ﾠthe	
 ﾠhighest	
 ﾠone	
 ﾠthe	
 ﾠmalic-ﾭ‐Sn	
 ﾠsystem	
 ﾠhas	
 ﾠa	
 ﾠsteep	
 ﾠincrease	
 ﾠof	
 ﾠthe	
 ﾠicorr	
 ﾠvalue	
 ﾠwhich	
 ﾠrepresents	
 ﾠ
the	
 ﾠhighest	
 ﾠcorrosion	
 ﾠrate.	
 ﾠThe	
 ﾠglutaric	
 ﾠone	
 ﾠhas	
 ﾠthe	
 ﾠlowest	
 ﾠicorr	
 ﾠfor	
 ﾠthe	
 ﾠ1	
 ﾠμg/cm
2concentration	
 ﾠ
which	
 ﾠreaches	
 ﾠvalues	
 ﾠsimilar	
 ﾠto	
 ﾠthe	
 ﾠsuccinic	
 ﾠone	
 ﾠat	
 ﾠthe	
 ﾠhighest	
 ﾠconcentration.	
 ﾠAs	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠ
notice	
 ﾠthe	
 ﾠsuccinic-ﾭ‐Sn	
 ﾠsystem	
 ﾠhas	
 ﾠa	
 ﾠsimilar	
 ﾠbehaviour	
 ﾠto	
 ﾠthe	
 ﾠmalic	
 ﾠone,	
 ﾠwith	
 ﾠa	
 ﾠclose	
 ﾠcorrosion	
 ﾠ
rate	
 ﾠat	
 ﾠthe	
 ﾠintermediate	
 ﾠconcentration,	
 ﾠwhereas	
 ﾠat	
 ﾠthe	
 ﾠhighest	
 ﾠconcentration	
 ﾠthe	
 ﾠbehaviour	
 ﾠ
becomes	
 ﾠcomparable	
 ﾠto	
 ﾠthe	
 ﾠglutaric-ﾭ‐Sn	
 ﾠsystem.	
 ﾠFigure	
 ﾠ35	
 ﾠshows	
 ﾠa	
 ﾠgraphical	
 ﾠrepresentation	
 ﾠof	
 ﾠ
the	
 ﾠvalues	
 ﾠinserted	
 ﾠin	
 ﾠTable	
 ﾠ6.	
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 ﾠ
Figure	
 ﾠ35	
 ﾠGraphical	
 ﾠrepresentation	
 ﾠof	
 ﾠicorr	
 ﾠvalues	
 ﾠfor	
 ﾠdifferent	
 ﾠacids	
 ﾠat	
 ﾠvarious	
 ﾠconcentrations	
 ﾠ
	
 ﾠ
7.1.3  Comparision	
 ﾠbetween	
 ﾠacids	
 ﾠ(behaviour	
 ﾠat	
 ﾠ100	
 ﾠμg/cm2)	
 ﾠ
In	
 ﾠ order	
 ﾠ to	
 ﾠ better	
 ﾠ visualize	
 ﾠ the	
 ﾠ behavior	
 ﾠ of	
 ﾠ the	
 ﾠ different	
 ﾠ systems,	
 ﾠ explained	
 ﾠ before,	
 ﾠ Figure	
 ﾠ
36becomes	
 ﾠhelpful.	
 ﾠIt	
 ﾠplots	
 ﾠfor	
 ﾠa	
 ﾠfix	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠfor	
 ﾠthe	
 ﾠ
WOA-ﾭ‐Sn	
 ﾠcouples,	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠuseful	
 ﾠto	
 ﾠcompare	
 ﾠthe	
 ﾠresults	
 ﾠpreviolsy	
 ﾠobtained.	
 ﾠIt	
 ﾠshows	
 ﾠindeed	
 ﾠthe	
 ﾠ
higher	
 ﾠcorrosion	
 ﾠrate	
 ﾠwhich	
 ﾠoccurs	
 ﾠwhen	
 ﾠthe	
 ﾠmalic	
 ﾠsolution	
 ﾠis	
 ﾠemployed.	
 ﾠFrom	
 ﾠthe	
 ﾠgraph	
 ﾠit	
 ﾠis	
 ﾠ
also	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠsimilar	
 ﾠtrend	
 ﾠof	
 ﾠtin	
 ﾠtowards	
 ﾠthe	
 ﾠsuccinic	
 ﾠand	
 ﾠglutaric	
 ﾠsolution,	
 ﾠwith	
 ﾠa	
 ﾠ
comparable	
 ﾠicorr,	
 ﾠand	
 ﾠthe	
 ﾠlower	
 ﾠdissolution	
 ﾠrate	
 ﾠwhich	
 ﾠtakes	
 ﾠplace	
 ﾠwith	
 ﾠthe	
 ﾠadipic	
 ﾠone.	
 ﾠ
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 ﾠ
Figure	
 ﾠ36	
 ﾠPolarization	
 ﾠcurves	
 ﾠfor	
 ﾠdifferent	
 ﾠWOAs	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠ
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7.1.4  Chemical	
 ﾠstructure	
 ﾠand	
 ﾠphysical	
 ﾠproperties	
 ﾠ
In	
 ﾠChapter6the	
 ﾠchemical	
 ﾠstructure	
 ﾠand	
 ﾠthe	
 ﾠphysical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠaforementioned	
 ﾠWOAs	
 ﾠ
have	
 ﾠbeen	
 ﾠintroduced.	
 ﾠThe	
 ﾠmolecular	
 ﾠstructure	
 ﾠis	
 ﾠbasically	
 ﾠthe	
 ﾠsame	
 ﾠfor	
 ﾠall	
 ﾠfour	
 ﾠof	
 ﾠthe	
 ﾠWOAs,	
 ﾠas	
 ﾠ
they	
 ﾠare	
 ﾠall	
 ﾠdicarboxylic	
 ﾠacids.	
 ﾠ	
 ﾠ
The	
 ﾠdissociation	
 ﾠconstant	
 ﾠpKa	
 ﾠcan	
 ﾠbe	
 ﾠused	
 ﾠto	
 ﾠcompare	
 ﾠthe	
 ﾠrelatiive	
 ﾠacidity.	
 ﾠMalic	
 ﾠacid	
 ﾠis	
 ﾠthe	
 ﾠ
most	
 ﾠaggressive,	
 ﾠas	
 ﾠit	
 ﾠshows	
 ﾠthe	
 ﾠlowest	
 ﾠvalue	
 ﾠfor	
 ﾠthe	
 ﾠconstant	
 ﾠ(3.4),	
 ﾠit	
 ﾠis	
 ﾠthen	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠ
succinic	
 ﾠacid	
 ﾠ(4.2)	
 ﾠand	
 ﾠglutaric	
 ﾠand	
 ﾠadipic	
 ﾠacid	
 ﾠwith	
 ﾠthe	
 ﾠsame	
 ﾠvalue	
 ﾠ(4.4).	
 ﾠThese	
 ﾠdifferent	
 ﾠacidity	
 ﾠ
values	
 ﾠhelp	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠsolution.	
 ﾠThe	
 ﾠhighest	
 ﾠicorr	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠacids	
 ﾠ
finds	
 ﾠits	
 ﾠcorrespondence	
 ﾠin	
 ﾠits	
 ﾠhigher	
 ﾠacidity.	
 ﾠThe	
 ﾠclose	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate	
 ﾠfor	
 ﾠthe	
 ﾠ
glutaric	
 ﾠand	
 ﾠsuccinic	
 ﾠsolution	
 ﾠreflects	
 ﾠthe	
 ﾠrelative	
 ﾠcomparable	
 ﾠacidity.	
 ﾠ	
 ﾠ
Additionally,	
 ﾠmany	
 ﾠacid	
 ﾠmolecules	
 ﾠcan	
 ﾠform	
 ﾠcomplex	
 ﾠwith	
 ﾠmetal	
 ﾠions	
 ﾠand	
 ﾠdissolve.	
 ﾠHow	
 ﾠeasy	
 ﾠit	
 ﾠ
forms	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠmolecular	
 ﾠstructure	
 ﾠof	
 ﾠWOA.	
 ﾠAlthough	
 ﾠall	
 ﾠthe	
 ﾠWOAs	
 ﾠhave	
 ﾠin	
 ﾠgeneral	
 ﾠthe	
 ﾠ
same	
 ﾠstructure,	
 ﾠthere	
 ﾠare	
 ﾠdifferences	
 ﾠin	
 ﾠterms	
 ﾠof	
 ﾠorientation	
 ﾠof	
 ﾠfunctional	
 ﾠgroups,	
 ﾠwhich	
 ﾠmakes	
 ﾠ
them	
 ﾠdifferent.	
 ﾠAs	
 ﾠFigure	
 ﾠ37shows	
 ﾠthe	
 ﾠadditional	
 ﾠhydroxyl	
 ﾠgroup	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠmight	
 ﾠincrease	
 ﾠ
the	
 ﾠactivity	
 ﾠof	
 ﾠthe	
 ﾠacid.	
 ﾠIn	
 ﾠaddition,	
 ﾠthe	
 ﾠoxygen	
 ﾠof	
 ﾠthe	
 ﾠtwo	
 ﾠcarboxyl-ﾭ‐groups	
 ﾠlay	
 ﾠon	
 ﾠopposite	
 ﾠsides	
 ﾠ
of	
 ﾠthe	
 ﾠhydrocarbons	
 ﾠchain.	
 ﾠThis	
 ﾠincreased	
 ﾠactivity	
 ﾠand	
 ﾠhigher	
 ﾠavailability	
 ﾠof	
 ﾠspace,	
 ﾠmight	
 ﾠlead	
 ﾠto	
 ﾠ
the	
 ﾠpossibility	
 ﾠof	
 ﾠmore	
 ﾠinteractions	
 ﾠwith	
 ﾠmetal	
 ﾠions.	
 ﾠThe	
 ﾠremaining	
 ﾠthree	
 ﾠacids	
 ﾠhave	
 ﾠlower	
 ﾠ
activity	
 ﾠ and	
 ﾠ their	
 ﾠ structure	
 ﾠ is	
 ﾠ less	
 ﾠ open	
 ﾠ than	
 ﾠ the	
 ﾠ malic,	
 ﾠ which	
 ﾠ might	
 ﾠ explain	
 ﾠ the	
 ﾠ lower	
 ﾠ
aggressiveness.	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ37	
 ﾠMalic	
 ﾠacid	
 ﾠ
	
 ﾠ
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7.1.5  Conclusions	
 ﾠ
From	
 ﾠthe	
 ﾠabove	
 ﾠresults,	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠsummarize	
 ﾠthe	
 ﾠfollowing:	
 ﾠ
•  The	
 ﾠcorrosion	
 ﾠpotentials	
 ﾠEcorr	
 ﾠlay	
 ﾠbetween	
 ﾠ-ﾭ‐600	
 ﾠand	
 ﾠ–	
 ﾠ500	
 ﾠmV	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠconcentrations	
 ﾠ
of	
 ﾠWOAs	
 ﾠ
•  The	
 ﾠdissolution	
 ﾠrate	
 ﾠof	
 ﾠtin	
 ﾠincrease	
 ﾠwith	
 ﾠincrease	
 ﾠconcentration	
 ﾠ
•  The	
 ﾠadipic-ﾭ‐Sn	
 ﾠsystem	
 ﾠshows	
 ﾠthe	
 ﾠlowest	
 ﾠincrease	
 ﾠin	
 ﾠcorrosion	
 ﾠrate	
 ﾠ
•  Almost	
 ﾠa	
 ﾠdecade	
 ﾠincrease	
 ﾠin	
 ﾠcurrent	
 ﾠwas	
 ﾠobserved	
 ﾠfor	
 ﾠthe	
 ﾠglutaric-ﾭ‐Sn	
 ﾠsystem	
 ﾠwith	
 ﾠ10	
 ﾠ
times	
 ﾠincrease	
 ﾠin	
 ﾠWOA	
 ﾠconcentration	
 ﾠ
•  Malic-ﾭ‐Sn	
 ﾠsystem	
 ﾠshows	
 ﾠthe	
 ﾠhighest	
 ﾠcorrosion	
 ﾠrate	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠ
•  The	
 ﾠlow	
 ﾠpKa	
 ﾠvalue	
 ﾠand	
 ﾠthe	
 ﾠchemical	
 ﾠstructure	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠmight	
 ﾠexplain	
 ﾠits	
 ﾠhigher	
 ﾠ
aggressiveness	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠother	
 ﾠWOAs	
 ﾠ
	
 ﾠ
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7.2  Measurements for finding equivalent concentrations of WOAs to provide 
equivalent conducitivity to NaCl 
The IPC standards set 1.56 μg/cm
2 of NaCl equivalent as the maximum level of ionic contamination left 
on  PCB  after  manufacturing  and  post  treatment  process,  thus  the  knowledge  of  the  amount  of 
contaminants which reach this equivalent value is of great help to the electronic industry. The purpose 
of this experiment is to determine the concentration of the four WOAs and CaCl2 that has the same 
conductivity and leakage current values of 1.56 μg/cm
2 of NaCl. This was carried out with conductivity 
measurements  and  leakage  current  measurements  using  the  setups  described  in  section  x  of  this 
project. 
 
7.2.1  Conductivity measurements 
Three concentrations of the four WOAs and CaCl2 have been investigated, namely 1, 10 and 100 μg/cm
2.  
A number of three measurements for each WOAs and concentration have been done in order to obtain 
an average reliable value of the conductivity of the solution. The results of solution conductivity are 
listed in the following table. 
 
 
 
  CaCl  Adipic  Glutaric  Malic  Succinic  NaCl 
Concentration 
ug/cm^2 
1  10  100  1  10  100  1  10  100  1  10  100  1  10  100  1.56 
1  20,2  208  1930  9,05  50,6  169,5  3,73  62  222  9,99  136,1  582  25,7  146,8  256  37,6 
2  21,2  207  1970  9,12  50,8  168,2  3,72  62,2  221  10,58  136,2  585  26,5  148,2  259  36,5 
3  20,4  206  1999  9  50  168,7  3,72  63,4  224  10,58  136  584  26  148,2  258  37,2 
Avg. κ,μS/cm  20,6  207  1966,3  9,1  50,5  168,8  3,7  62,5  222,3  10,4  136,1  583,7  26,1  147,7  257,7  37,1 
St.Dev.  0,53  1,00  34,65  0,06  0,42  0,66  0,01  0,76  1,53  0,34  0,10  1,53  0,40  0,81  1,53  0,56 
 
 
The value for the conductivity of NaCl at 1.56 μg/cm
2 was found to be 37.1 μS/cm which is comparable 
to 36.2 μS/cm found in Verdingovas’s project for the same concentration.  
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7.2.2  Determination	
 ﾠof	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentration	
 ﾠ
	
 ﾠ
In	
 ﾠorder	
 ﾠto	
 ﾠfind	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠthese	
 ﾠsamples	
 ﾠwhich	
 ﾠhas	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠof	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠ
NaCl,	
 ﾠa	
 ﾠgraph	
 ﾠshowing	
 ﾠthe	
 ﾠconductivity	
 ﾠvalues	
 ﾠvs.	
 ﾠthe	
 ﾠconcentration	
 ﾠhas	
 ﾠbeen	
 ﾠplotted	
 ﾠ(Figure	
 ﾠ38).	
 ﾠA	
 ﾠ
straight	
 ﾠ horizontal	
 ﾠ line	
 ﾠ has	
 ﾠ been	
 ﾠ drawn	
 ﾠ on	
 ﾠ it,	
 ﾠ which	
 ﾠ starts	
 ﾠ from	
 ﾠ the	
 ﾠ point	
 ﾠ on	
 ﾠ the	
 ﾠ y	
 ﾠ axis	
 ﾠ which	
 ﾠ
corresponds	
 ﾠto	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠsodium	
 ﾠchloride	
 ﾠequivalent,	
 ﾠpreviously	
 ﾠdetermined.	
 ﾠThis	
 ﾠline	
 ﾠcrosses	
 ﾠ
then	
 ﾠthe	
 ﾠother	
 ﾠcurves.	
 ﾠFrom	
 ﾠthe	
 ﾠpoint	
 ﾠof	
 ﾠintersection	
 ﾠwith	
 ﾠthese,	
 ﾠstraight	
 ﾠvertical	
 ﾠlines	
 ﾠintercept	
 ﾠthe	
 ﾠx	
 ﾠ
axis	
 ﾠat	
 ﾠspecific	
 ﾠconcentration	
 ﾠvalues.	
 ﾠThese	
 ﾠwill	
 ﾠbe	
 ﾠthe	
 ﾠvalues	
 ﾠfor	
 ﾠthe	
 ﾠWOAs	
 ﾠand	
 ﾠCaCl2	
 ﾠthat	
 ﾠwill	
 ﾠhave	
 ﾠthe	
 ﾠ
same	
 ﾠconductivity	
 ﾠas	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠsodium	
 ﾠchloride.	
 ﾠFigure	
 ﾠ38	
 ﾠgraphically	
 ﾠsummarizes	
 ﾠwhat	
 ﾠhas	
 ﾠbeen	
 ﾠ
explained	
 ﾠand	
 ﾠthe	
 ﾠresults	
 ﾠcan	
 ﾠbe	
 ﾠread.	
 ﾠ
The	
 ﾠequivalent	
 ﾠconcentration	
 ﾠvalues,	
 ﾠdetermined	
 ﾠin	
 ﾠthis	
 ﾠway,	
 ﾠneeded	
 ﾠthen	
 ﾠto	
 ﾠbe	
 ﾠapproximated	
 ﾠto	
 ﾠthe	
 ﾠ
closest	
 ﾠinteger	
 ﾠvalue,	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠease	
 ﾠthe	
 ﾠpreparation	
 ﾠof	
 ﾠthe	
 ﾠrespective	
 ﾠsolutions.	
 ﾠTable	
 ﾠ7	
 ﾠlists	
 ﾠthe	
 ﾠ
determined	
 ﾠvalues	
 ﾠand	
 ﾠthe	
 ﾠrelated	
 ﾠapproximation	
 ﾠused	
 ﾠfor	
 ﾠthe	
 ﾠpurpose.	
 ﾠ
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Figure	
 ﾠ38	
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 ﾠ
Table	
 ﾠ7	
 ﾠDetermined	
 ﾠand	
 ﾠapproximated	
 ﾠconcentration	
 ﾠvalues	
 ﾠ
	
 ﾠ CaCl2	
 ﾠ Adipic	
 ﾠ Glutaric	
 ﾠ Malic	
 ﾠ Succinc	
 ﾠ
Determined	
 ﾠ 1,8	
 ﾠ 6,7	
 ﾠ 6,4	
 ﾠ 3,1	
 ﾠ 1,9	
 ﾠ
Approximated	
 ﾠ 2	
 ﾠ 7	
 ﾠ 6	
 ﾠ 3	
 ﾠ 2	
 ﾠ
	
 ﾠ
7.2.3  Strong	
 ﾠelectrolytes	
 ﾠvs.	
 ﾠweak	
 ﾠelectrolytes	
 ﾠ
From	
 ﾠthe	
 ﾠgraph	
 ﾠX	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠdifferent	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠwith	
 ﾠCaCl2	
 ﾠand	
 ﾠwith	
 ﾠeach	
 ﾠ
other.	
 ﾠThe	
 ﾠcurve	
 ﾠfor	
 ﾠcalcium	
 ﾠchloride	
 ﾠsolution	
 ﾠis	
 ﾠlinear	
 ﾠwhereas	
 ﾠthe	
 ﾠones	
 ﾠfor	
 ﾠthe	
 ﾠWOAs	
 ﾠtend	
 ﾠto	
 ﾠflatten	
 ﾠ
with	
 ﾠthe	
 ﾠincrease	
 ﾠconcentration.	
 ﾠCalcium	
 ﾠchloride	
 ﾠis	
 ﾠa	
 ﾠstrong	
 ﾠelectrolyte	
 ﾠand	
 ﾠcompletely	
 ﾠdissociates	
 ﾠin	
 ﾠa	
 ﾠ
solution,	
 ﾠ breaking	
 ﾠ apart	
 ﾠ into	
 ﾠ ions	
 ﾠ completely.	
 ﾠ The	
 ﾠ dissolution	
 ﾠ reaction	
 ﾠ occurs	
 ﾠ entirely	
 ﾠ in	
 ﾠ only	
 ﾠ one	
 ﾠ
direction,	
 ﾠas	
 ﾠit	
 ﾠis	
 ﾠshown	
 ﾠby	
 ﾠthe	
 ﾠsingle	
 ﾠreaction	
 ﾠarrow	
 ﾠin	
 ﾠthe	
 ﾠfollowing	
 ﾠreaction	
 ﾠpath:	
 ﾠ
	
 ﾠ
CaCl2(aq)	
 ﾠ￠	
 ﾠCa
2+	
 ﾠ+	
 ﾠ2Cl
-ﾭ‐	
 ﾠ 	
 ﾠ Eq.20	
 ﾠ
	
 ﾠ
Thereby	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠCaCl2	
 ﾠsolution	
 ﾠcan	
 ﾠbe	
 ﾠdescribed	
 ﾠby	
 ﾠequation	
 ﾠX	
 ﾠwhich	
 ﾠshows	
 ﾠa	
 ﾠsimple	
 ﾠlinear	
 ﾠ
relationship	
 ﾠbetween	
 ﾠconductivity	
 ﾠκ	
 ﾠand	
 ﾠconcentration	
 ﾠc	
 ﾠfor	
 ﾠstrong	
 ﾠelectrolytes.	
 ﾠ
	
 ﾠ
	
 ﾠ 𝜅 = 𝑣±𝑧±𝑐𝑁 𝑒 (𝑢  + 𝑢 )	
 ﾠ Eq.21	
 ﾠ
Where	
 ﾠ
•  𝑣±	
 ﾠis	
 ﾠthe	
 ﾠnumber	
 ﾠof	
 ﾠmoles	
 ﾠof	
 ﾠcations	
 ﾠand	
 ﾠanions	
 ﾠcreated	
 ﾠfrom	
 ﾠthe	
 ﾠdissociation	
 ﾠof	
 ﾠ1	
 ﾠmole	
 ﾠof	
 ﾠthe	
 ﾠ
dissolved	
 ﾠelectrolyte	
 ﾠ
•  𝑧±is	
 ﾠthe	
 ﾠvalence	
 ﾠnumber	
 ﾠof	
 ﾠthe	
 ﾠions	
 ﾠ
•  𝑐	
 ﾠis	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠthe	
 ﾠelectrolyte	
 ﾠin	
 ﾠmol/m
3	
 ﾠ
•  𝑁 is	
 ﾠthe	
 ﾠAvogadro’s	
 ﾠnumber	
 ﾠequal	
 ﾠto	
 ﾠ6.022 	
 ﾠmol
-ﾭ‐1	
 ﾠ
•  𝑒 =	
 ﾠ1,6	
 ﾠﾷ∙10
-ﾭ‐19	
 ﾠC	
 ﾠis	
 ﾠthe	
 ﾠelectron	
 ﾠcharge	
 ﾠ
•  𝑢±	
 ﾠis	
 ﾠthe	
 ﾠions	
 ﾠmobility	
 ﾠ[m
2V
-ﾭ‐1s
-ﾭ‐1]	
 ﾠ
	
 ﾠ
Equation	
 ﾠX	
 ﾠis	
 ﾠvalid	
 ﾠonly	
 ﾠfor	
 ﾠconcentrations	
 ﾠbelow	
 ﾠ3	
 ﾠmolﾷ∙dm
-ﾭ‐3	
 ﾠsince	
 ﾠat	
 ﾠhigher	
 ﾠconcentrations,	
 ﾠthe	
 ﾠinter-ﾭ‐
ionic	
 ﾠinteractions	
 ﾠincrease	
 ﾠas	
 ﾠthe	
 ﾠmean	
 ﾠdistance	
 ﾠbetween	
 ﾠions	
 ﾠdecreases.	
 ﾠThe	
 ﾠconcentrations	
 ﾠused	
 ﾠfor	
 ﾠ
this	
 ﾠexperiment	
 ﾠare,	
 ﾠhowever,	
 ﾠfar	
 ﾠbelow	
 ﾠthe	
 ﾠlimit	
 ﾠfor	
 ﾠionic	
 ﾠinteractions	
 ﾠto	
 ﾠbe	
 ﾠtaken	
 ﾠinto	
 ﾠaccount.	
 ﾠ
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The	
 ﾠ WOAs	
 ﾠ are,	
 ﾠ instead,	
 ﾠ weak	
 ﾠ electrolytes	
 ﾠ and	
 ﾠ thus	
 ﾠ only	
 ﾠ partially	
 ﾠ disassociate	
 ﾠ in	
 ﾠ a	
 ﾠ solution.	
 ﾠ The	
 ﾠ
relationship	
 ﾠbetween	
 ﾠthe	
 ﾠconductivity	
 ﾠand	
 ﾠthe	
 ﾠconcentration	
 ﾠwill	
 ﾠthus	
 ﾠnot	
 ﾠbe	
 ﾠlinear	
 ﾠas	
 ﾠthe	
 ﾠconcentration	
 ﾠ
of	
 ﾠions	
 ﾠin	
 ﾠthe	
 ﾠsolution	
 ﾠis	
 ﾠless	
 ﾠthan	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠthe	
 ﾠelectrolyte	
 ﾠitself.	
 ﾠThe	
 ﾠincrement	
 ﾠof	
 ﾠthe	
 ﾠ
conductivity	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠconcentration	
 ﾠdecreases	
 ﾠwith	
 ﾠthe	
 ﾠincreased	
 ﾠconcentration.	
 ﾠ
7.2.4  Discussion	
 ﾠ
As	
 ﾠ previously	
 ﾠ seen	
 ﾠ in	
 ﾠ the	
 ﾠ polarization	
 ﾠ curves,	
 ﾠ the	
 ﾠ behavior	
 ﾠ of	
 ﾠ the	
 ﾠ four	
 ﾠ WOAs	
 ﾠ varies	
 ﾠ with	
 ﾠ the	
 ﾠ
concentration.	
 ﾠAt	
 ﾠthe	
 ﾠlowest	
 ﾠconcentration,	
 ﾠthe	
 ﾠsuccinic	
 ﾠacid	
 ﾠshows	
 ﾠthe	
 ﾠhighest	
 ﾠconductivity,	
 ﾠfollowed	
 ﾠ
by	
 ﾠthe	
 ﾠmalic	
 ﾠacid,	
 ﾠthe	
 ﾠadipic	
 ﾠacid	
 ﾠand	
 ﾠthe	
 ﾠglutaric.	
 ﾠBy	
 ﾠincreasing	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠone	
 ﾠorder	
 ﾠthe	
 ﾠ
conductivity	
 ﾠ of	
 ﾠ the	
 ﾠ glutaric	
 ﾠ solution	
 ﾠ becomes	
 ﾠ higher	
 ﾠ than	
 ﾠ the	
 ﾠ adipic	
 ﾠ one	
 ﾠ and	
 ﾠ the	
 ﾠ values	
 ﾠ for	
 ﾠ the	
 ﾠ
remaining	
 ﾠsolution	
 ﾠget	
 ﾠcloser,	
 ﾠwith	
 ﾠthe	
 ﾠsuccinic	
 ﾠsolution	
 ﾠhaving	
 ﾠstill	
 ﾠa	
 ﾠhigher	
 ﾠvalue	
 ﾠthan	
 ﾠthe	
 ﾠmalic	
 ﾠone.	
 ﾠAt	
 ﾠ
the	
 ﾠhighest	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠthe	
 ﾠmalic	
 ﾠsolution	
 ﾠshows	
 ﾠa	
 ﾠsteep	
 ﾠincrease	
 ﾠof	
 ﾠthe	
 ﾠconductivity,	
 ﾠ
which	
 ﾠdoubles	
 ﾠthe	
 ﾠvalues	
 ﾠor	
 ﾠthe	
 ﾠother	
 ﾠones.	
 ﾠThe	
 ﾠincrement	
 ﾠof	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠthe	
 ﾠsuccinic	
 ﾠsolution	
 ﾠ
decreases	
 ﾠbut	
 ﾠthe	
 ﾠvalue	
 ﾠis	
 ﾠstill	
 ﾠhigher	
 ﾠthan	
 ﾠthe	
 ﾠglutaric	
 ﾠone,	
 ﾠalthough	
 ﾠthe	
 ﾠrespective	
 ﾠvalues	
 ﾠbecome	
 ﾠ
much	
 ﾠcloser.	
 ﾠThe	
 ﾠadipc	
 ﾠsolution	
 ﾠkeeps	
 ﾠshowing	
 ﾠthe	
 ﾠlowest	
 ﾠconductivity.	
 ﾠ
7.2.5  Aggressiveness	
 ﾠof	
 ﾠthe	
 ﾠWOA	
 ﾠsolutions:	
 ﾠthe	
 ﾠpKa	
 ﾠvalue	
 ﾠ
Going	
 ﾠback	
 ﾠto	
 ﾠthe	
 ﾠresults	
 ﾠobtained	
 ﾠwith	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves	
 ﾠleads	
 ﾠto	
 ﾠnotice	
 ﾠa	
 ﾠtrend	
 ﾠin	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠ
the	
 ﾠdifferent	
 ﾠsolutions	
 ﾠof	
 ﾠWOAs.	
 ﾠIf	
 ﾠthe	
 ﾠobtained	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠcorrosion	
 ﾠrate	
 ﾠand	
 ﾠthe	
 ﾠconductivity	
 ﾠcan	
 ﾠbe	
 ﾠ
taken	
 ﾠas	
 ﾠindicators	
 ﾠof	
 ﾠthe	
 ﾠaggressiveness	
 ﾠof	
 ﾠthe	
 ﾠsolutions,	
 ﾠthe	
 ﾠexact	
 ﾠsame	
 ﾠbehavior	
 ﾠis	
 ﾠrecorded	
 ﾠfor	
 ﾠ
increased	
 ﾠ concentration	
 ﾠ (Table	
 ﾠ 8).	
 ﾠ The	
 ﾠ succinic	
 ﾠ solution	
 ﾠ shows	
 ﾠ the	
 ﾠ highest	
 ﾠ aggressiveness	
 ﾠ at	
 ﾠ the	
 ﾠ
concentrations	
 ﾠof	
 ﾠ1	
 ﾠμg/cm
2	
 ﾠand	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠovertaken	
 ﾠby	
 ﾠthe	
 ﾠmalic	
 ﾠsolution	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2.	
 ﾠ
	
 ﾠ
Table	
 ﾠ8	
 ﾠAggressiveness	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠWOAs	
 ﾠ
Concentration	
 ﾠ
ug/cm^2	
 ﾠ
1	
 ﾠ 10	
 ﾠ 100	
 ﾠ
Aggressiveness	
 ﾠ icorr	
 ﾠ κ	
 ﾠ icorr	
 ﾠ κ	
 ﾠ icorr	
 ﾠ κ	
 ﾠ
	
 ﾠ
Succinic	
 ﾠ Succinic	
 ﾠ Succinic	
 ﾠ Succinic	
 ﾠ Malic	
 ﾠ Malic	
 ﾠ
	
 ﾠ Malic	
 ﾠ Malic	
 ﾠ Malic	
 ﾠ Malic	
 ﾠ Succinic	
 ﾠ Succinic	
 ﾠ
	
 ﾠ Adipic	
 ﾠ Adipic	
 ﾠ Glutaric	
 ﾠ Glutaric	
 ﾠ Glutaric	
 ﾠ Glutaric	
 ﾠ
	
 ﾠ Glutaric	
 ﾠ Glutaric	
 ﾠ Adipic	
 ﾠ Adipic	
 ﾠ Adipic	
 ﾠ Adipic	
 ﾠ
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In	
 ﾠthe	
 ﾠsame	
 ﾠway	
 ﾠbehaves	
 ﾠthe	
 ﾠglutaric	
 ﾠsolution	
 ﾠwhich	
 ﾠshows	
 ﾠthe	
 ﾠlowest	
 ﾠaggressiveness	
 ﾠfor	
 ﾠthe	
 ﾠleast	
 ﾠ
concentrated	
 ﾠsolution,	
 ﾠwhich,	
 ﾠthen,	
 ﾠsurpass	
 ﾠthe	
 ﾠadipc	
 ﾠsolution	
 ﾠat	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠand	
 ﾠfurther.	
 ﾠTable	
 ﾠ8	
 ﾠlists	
 ﾠthe	
 ﾠ
translation.	
 ﾠ
The	
 ﾠorder	
 ﾠof	
 ﾠaggressiveness	
 ﾠobtained	
 ﾠwith	
 ﾠthese	
 ﾠexperiments,	
 ﾠfinds	
 ﾠits	
 ﾠreason	
 ﾠin	
 ﾠthe	
 ﾠphysical	
 ﾠproperties	
 ﾠ
of	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠexplained	
 ﾠin	
 ﾠChapter6.	
 ﾠ	
 ﾠThe	
 ﾠmalic	
 ﾠacid	
 ﾠshows	
 ﾠthe	
 ﾠlowest	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠlogarithmic	
 ﾠof	
 ﾠthe	
 ﾠ
acid	
 ﾠdissociation	
 ﾠconstant,	
 ﾠpKa,	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠsuccinic	
 ﾠacid.	
 ﾠThe	
 ﾠlower	
 ﾠthe	
 ﾠvalue	
 ﾠis,	
 ﾠthe	
 ﾠstronger	
 ﾠthe	
 ﾠ
acid	
 ﾠis,	
 ﾠmeaning	
 ﾠthat	
 ﾠthe	
 ﾠacid	
 ﾠdissociates	
 ﾠto	
 ﾠa	
 ﾠgreater	
 ﾠ extent,	
 ﾠ leading	
 ﾠ to	
 ﾠ a	
 ﾠ higher	
 ﾠ conductivity	
 ﾠ and	
 ﾠ
aggressiveness.	
 ﾠ	
 ﾠThe	
 ﾠother	
 ﾠtwo	
 ﾠacids	
 ﾠhave	
 ﾠthe	
 ﾠsame	
 ﾠvalue,	
 ﾠwhich	
 ﾠis	
 ﾠcomparable	
 ﾠto	
 ﾠthe	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠ
succinic.	
 ﾠThis	
 ﾠreflects	
 ﾠthe	
 ﾠobtained	
 ﾠresults	
 ﾠas	
 ﾠthe	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠthese	
 ﾠthree	
 ﾠacids	
 ﾠare	
 ﾠclose	
 ﾠ
to	
 ﾠeach	
 ﾠother	
 ﾠat	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠμg/cm
2.	
 ﾠ
7.2.6  Leakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠ
The	
 ﾠleakage	
 ﾠcurrents	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠsolutions	
 ﾠpreviously	
 ﾠemployed	
 ﾠhave	
 ﾠbeen	
 ﾠrecorded	
 ﾠusing	
 ﾠthe	
 ﾠ
LRTD	
 ﾠsetup	
 ﾠdescribed	
 ﾠin	
 ﾠSection	
 ﾠ5.8.	
 ﾠThe	
 ﾠtest	
 ﾠrecords	
 ﾠthe	
 ﾠchanges	
 ﾠin	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠof	
 ﾠthe	
 ﾠsolution,	
 ﾠ
biased	
 ﾠwith	
 ﾠa	
 ﾠpotential	
 ﾠof	
 ﾠ5V,	
 ﾠover	
 ﾠa	
 ﾠperiod	
 ﾠof	
 ﾠ130	
 ﾠseconds.	
 ﾠThe	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠrecorded	
 ﾠafter	
 ﾠ120	
 ﾠ
seconds	
 ﾠhas	
 ﾠbeen	
 ﾠchosen	
 ﾠas	
 ﾠthe	
 ﾠLC	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠsolution.	
 ﾠThis	
 ﾠhas	
 ﾠbeen	
 ﾠchosen	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat,	
 ﾠafter	
 ﾠ
an	
 ﾠinitial	
 ﾠincrease	
 ﾠof	
 ﾠthe	
 ﾠcurrent	
 ﾠmeasured	
 ﾠby	
 ﾠthe	
 ﾠsystem,	
 ﾠits	
 ﾠtrend	
 ﾠtends	
 ﾠto	
 ﾠdevelop	
 ﾠasymptotically	
 ﾠto	
 ﾠa	
 ﾠ
constant	
 ﾠvalue.	
 ﾠThus	
 ﾠthe	
 ﾠdata	
 ﾠrecorded	
 ﾠat	
 ﾠ120	
 ﾠsecond	
 ﾠis	
 ﾠa	
 ﾠgood	
 ﾠapproximation	
 ﾠof	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠ
value	
 ﾠof	
 ﾠthe	
 ﾠsolution.	
 ﾠFigure	
 ﾠ39	
 ﾠshows	
 ﾠthe	
 ﾠLC	
 ﾠmeasurements	
 ﾠof	
 ﾠthe	
 ﾠadipic	
 ﾠacid	
 ﾠsolution	
 ﾠat	
 ﾠthree	
 ﾠdifferent	
 ﾠ
concentrations.	
 ﾠ A	
 ﾠ green	
 ﾠ vertical	
 ﾠ line	
 ﾠ has	
 ﾠ been	
 ﾠ drawn	
 ﾠ at	
 ﾠ 120	
 ﾠ seconds	
 ﾠ in	
 ﾠ order	
 ﾠ to	
 ﾠ intersect	
 ﾠ the	
 ﾠ
corresponding	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent.	
 ﾠThe	
 ﾠsame	
 ﾠmodality	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠother	
 ﾠ
solutions.	
 ﾠ
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Figure	
 ﾠ39	
 ﾠLeakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠ
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 ﾠ
7.2.7  Determination	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠ
The	
 ﾠresults	
 ﾠobtained	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠsolutions	
 ﾠare	
 ﾠlisted	
 ﾠin	
 ﾠTable	
 ﾠ9.	
 ﾠ
	
 ﾠ
Table	
 ﾠ9	
 ﾠLeakage	
 ﾠcurrent	
 ﾠvalues	
 ﾠfor	
 ﾠdifferent	
 ﾠacids	
 ﾠand	
 ﾠconcentrations	
 ﾠ
Concentration	
 ﾠ
ug/cm^2	
 ﾠ
1	
 ﾠ 10	
 ﾠ 100	
 ﾠ
Adipic	
 ﾠ 8,25E-ﾭ‐03	
 ﾠ 2,04E-ﾭ‐02	
 ﾠ 6,33E-ﾭ‐02	
 ﾠ
Glutaric	
 ﾠ 8,05E-ﾭ‐03	
 ﾠ 2,22E-ﾭ‐02	
 ﾠ 5,67E-ﾭ‐02	
 ﾠ
Malic	
 ﾠ 2,44E-ﾭ‐03	
 ﾠ 3,01E-ﾭ‐02	
 ﾠ 1,36E-ﾭ‐01	
 ﾠ
Succinic	
 ﾠ 5,87E-ﾭ‐03	
 ﾠ 2,31E-ﾭ‐02	
 ﾠ 6,72E-ﾭ‐02	
 ﾠ
	
 ﾠ
These	
 ﾠvalues	
 ﾠwere	
 ﾠthen	
 ﾠplotted	
 ﾠon	
 ﾠa	
 ﾠlog	
 ﾠ(LC)	
 ﾠvs.	
 ﾠconcentration	
 ﾠgraph	
 ﾠ(Figure	
 ﾠ40)	
 ﾠand	
 ﾠthe	
 ﾠsame	
 ﾠmodality,	
 ﾠ
previously	
 ﾠfollowed,has	
 ﾠbeen	
 ﾠemployed	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠfind	
 ﾠthe	
 ﾠconcentrations	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠwhich	
 ﾠgive	
 ﾠthe	
 ﾠ
same	
 ﾠvalue	
 ﾠof	
 ﾠLC	
 ﾠas	
 ﾠ1.56	
 ﾠug/cm
2	
 ﾠNaCl	
 ﾠequivalent.	
 ﾠAs	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠtrend	
 ﾠof	
 ﾠthe	
 ﾠdifferent	
 ﾠ
solutions	
 ﾠis	
 ﾠnot	
 ﾠlinear	
 ﾠat	
 ﾠall	
 ﾠand	
 ﾠthe	
 ﾠlines	
 ﾠtend	
 ﾠto	
 ﾠflatten	
 ﾠwith	
 ﾠthe	
 ﾠincreased	
 ﾠconcentration.	
 ﾠ
The	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠand	
 ﾠconductivity	
 ﾠare	
 ﾠphysically	
 ﾠdifferent,	
 ﾠand	
 ﾠdifferent	
 ﾠis	
 ﾠthe	
 ﾠapplied	
 ﾠcurrent:	
 ﾠDC	
 ﾠfor	
 ﾠ
the	
 ﾠformer	
 ﾠtest,	
 ﾠAC	
 ﾠfor	
 ﾠthe	
 ﾠlatter.	
 ﾠThe	
 ﾠequivalent	
 ﾠvalue	
 ﾠof	
 ﾠNaCl	
 ﾠwill	
 ﾠthus	
 ﾠbe	
 ﾠdifferent	
 ﾠas	
 ﾠwell.	
 ﾠFrom	
 ﾠ
Verdingovas’	
 ﾠproject,	
 ﾠthis	
 ﾠvalue	
 ﾠhas	
 ﾠbeen	
 ﾠmeasured	
 ﾠto	
 ﾠbe	
 ﾠ8ﾷ∙10
-ﾭ‐2	
 ﾠmA.	
 ﾠThis	
 ﾠsame	
 ﾠvalue	
 ﾠhas	
 ﾠbeen	
 ﾠused	
 ﾠ
throughout	
 ﾠthis	
 ﾠexperiment.	
 ﾠ
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Figure	
 ﾠ40Determination	
 ﾠon	
 ﾠequivalent	
 ﾠconcentrations	
 ﾠthrough	
 ﾠleakage	
 ﾠcurrent	
 ﾠ
The	
 ﾠ values	
 ﾠ obtained	
 ﾠ are	
 ﾠ listed	
 ﾠ in	
 ﾠ the	
 ﾠ Table	
 ﾠ 10	
 ﾠ below.	
 ﾠ 	
 ﾠ These	
 ﾠ values	
 ﾠ were	
 ﾠ not	
 ﾠ used	
 ﾠ for	
 ﾠ further	
 ﾠ
investigation	
 ﾠon	
 ﾠPCB,	
 ﾠas	
 ﾠthis	
 ﾠexperiment	
 ﾠwas	
 ﾠcarried	
 ﾠout	
 ﾠafter	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentrations	
 ﾠof	
 ﾠWOAs,	
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found	
 ﾠwith	
 ﾠthe	
 ﾠconductivity	
 ﾠmeasurements,	
 ﾠhad	
 ﾠbeen	
 ﾠtested	
 ﾠon	
 ﾠthe	
 ﾠPCBs.	
 ﾠThese	
 ﾠwill	
 ﾠbe	
 ﾠexplained	
 ﾠin	
 ﾠ
chapter	
 ﾠX	
 ﾠbut	
 ﾠit	
 ﾠhas	
 ﾠbeen	
 ﾠrecorded	
 ﾠthat	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠthe	
 ﾠequivalent	
 ﾠsolutions	
 ﾠwas	
 ﾠquiet	
 ﾠcomparable	
 ﾠto	
 ﾠ
the	
 ﾠeffect	
 ﾠof	
 ﾠ1,56	
 ﾠug/cm
2	
 ﾠNaCl.	
 ﾠ	
 ﾠ
	
 ﾠ
	
 ﾠ
Table	
 ﾠ10	
 ﾠEquivalent	
 ﾠconcentrations	
 ﾠdetermined	
 ﾠthrough	
 ﾠLC	
 ﾠ
	
 ﾠ Adipic	
 ﾠ Glutaric	
 ﾠ Malic	
 ﾠ Succinc	
 ﾠ
Concentration	
 ﾠ
ug/cm
2	
 ﾠ
119	
 ﾠ 132	
 ﾠ 68	
 ﾠ 115	
 ﾠ
	
 ﾠ
7.2.8  Discussion	
 ﾠ
As	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠinFigure	
 ﾠ41,	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentrations	
 ﾠfound	
 ﾠwith	
 ﾠthe	
 ﾠLCs	
 ﾠmeasurement	
 ﾠ
are	
 ﾠmuch	
 ﾠhigher	
 ﾠthan	
 ﾠthe	
 ﾠtested	
 ﾠones:	
 ﾠempirical	
 ﾠtests	
 ﾠof	
 ﾠthese	
 ﾠsolutions	
 ﾠwould	
 ﾠhave	
 ﾠled	
 ﾠto	
 ﾠmisleading	
 ﾠ
results.	
 ﾠIt	
 ﾠwas,	
 ﾠthus,	
 ﾠnot	
 ﾠconsidered	
 ﾠconvenient	
 ﾠto	
 ﾠprepare	
 ﾠand	
 ﾠinvestigated	
 ﾠthe	
 ﾠequivalent	
 ﾠsolutions	
 ﾠ
found	
 ﾠwith	
 ﾠthese	
 ﾠmethod.	
 ﾠ
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Figure	
 ﾠ41	
 ﾠComparison	
 ﾠbetween	
 ﾠequivalent	
 ﾠconcentrations	
 ﾠfound	
 ﾠthorugh	
 ﾠconductivity	
 ﾠand	
 ﾠleakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠ
	
 ﾠ
	
 ﾠRiccardo	
 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
	
 ﾠ
75	
 ﾠ
Danmark	
 ﾠTekniske	
 ﾠUniversitet	
 ﾠ–	
 ﾠUniversità	
 ﾠdegli	
 ﾠStudi	
 ﾠdi	
 ﾠPadova	
 ﾠ
However,	
 ﾠ they	
 ﾠ were	
 ﾠ compared	
 ﾠ to	
 ﾠ the	
 ﾠ one	
 ﾠ found	
 ﾠ with	
 ﾠ the	
 ﾠ conductivity	
 ﾠ measurements	
 ﾠ to	
 ﾠ better	
 ﾠ
understand	
 ﾠhow	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs	
 ﾠbehave	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠtype	
 ﾠof	
 ﾠpotential	
 ﾠapplied.	
 ﾠ	
 ﾠThis	
 ﾠwill	
 ﾠbe	
 ﾠ
better	
 ﾠexplained	
 ﾠin	
 ﾠthe	
 ﾠnext	
 ﾠchapter.	
 ﾠ
	
 ﾠ
7.2.9  Different	
 ﾠbehavior	
 ﾠin	
 ﾠAC	
 ﾠand	
 ﾠDC	
 ﾠvoltage	
 ﾠ
It	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠmention	
 ﾠhow	
 ﾠthe	
 ﾠsolutions	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠbehave	
 ﾠdifferently	
 ﾠwhen	
 ﾠbiased	
 ﾠwith	
 ﾠdirect	
 ﾠand	
 ﾠ
alternate	
 ﾠvoltage.	
 ﾠIn	
 ﾠFigure	
 ﾠ42	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent,	
 ﾠmeasured	
 ﾠin	
 ﾠDC,	
 ﾠand	
 ﾠthe	
 ﾠvaluse	
 ﾠof	
 ﾠthe	
 ﾠ
conductivity,	
 ﾠmeasured	
 ﾠin	
 ﾠAC	
 ﾠare	
 ﾠplotted	
 ﾠfor	
 ﾠthe	
 ﾠdifferent	
 ﾠacids	
 ﾠand	
 ﾠconcentrations.	
 ﾠIf	
 ﾠa	
 ﾠstraight	
 ﾠline	
 ﾠis	
 ﾠ
drawn	
 ﾠat	
 ﾠan	
 ﾠangle	
 ﾠof	
 ﾠ45°,	
 ﾠtwo	
 ﾠdomains	
 ﾠare	
 ﾠidentified:	
 ﾠthe	
 ﾠAC	
 ﾠdomain,	
 ﾠin	
 ﾠlight	
 ﾠgrey,	
 ﾠand	
 ﾠthe	
 ﾠDC	
 ﾠdomain,	
 ﾠ
in	
 ﾠwhite.	
 ﾠFor	
 ﾠboth	
 ﾠthe	
 ﾠdomains	
 ﾠthere	
 ﾠis	
 ﾠan	
 ﾠincrease	
 ﾠtrend	
 ﾠwith	
 ﾠincrease	
 ﾠelectrolyte	
 ﾠconcentration,	
 ﾠas	
 ﾠ
expected,	
 ﾠbut,	
 ﾠalmost	
 ﾠall	
 ﾠthe	
 ﾠcurves	
 ﾠlay	
 ﾠin	
 ﾠthe	
 ﾠDC	
 ﾠdomain,	
 ﾠas	
 ﾠthe	
 ﾠrate	
 ﾠof	
 ﾠgrowth	
 ﾠis	
 ﾠhigher.	
 ﾠFrom	
 ﾠthis	
 ﾠ
graph	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthat	
 ﾠthe	
 ﾠWOAs	
 ﾠsolutions	
 ﾠare	
 ﾠmore	
 ﾠsensitive	
 ﾠto	
 ﾠa	
 ﾠDC	
 ﾠbias	
 ﾠthan	
 ﾠto	
 ﾠan	
 ﾠAC	
 ﾠone,	
 ﾠ
displaying	
 ﾠa	
 ﾠfaster	
 ﾠincrease	
 ﾠin	
 ﾠthis	
 ﾠdomain.	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ42	
 ﾠBehavior	
 ﾠof	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs	
 ﾠunder	
 ﾠDC	
 ﾠand	
 ﾠAC	
 ﾠcurrent	
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7.2.10  Conclusions	
 ﾠ
From	
 ﾠthe	
 ﾠprevious	
 ﾠresults	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠsummarize	
 ﾠthe	
 ﾠfollowing	
 ﾠconclusion	
 ﾠ
	
 ﾠ
•  Both	
 ﾠthe	
 ﾠgraphs	
 ﾠshow	
 ﾠan	
 ﾠincrease	
 ﾠtrend	
 ﾠwith	
 ﾠincrease	
 ﾠelectrolyte	
 ﾠconcentration	
 ﾠ
•  For	
 ﾠCaCl2	
 ﾠthe	
 ﾠconductivity	
 ﾠdependence	
 ﾠof	
 ﾠconcentration	
 ﾠis	
 ﾠlinear	
 ﾠas	
 ﾠit	
 ﾠis	
 ﾠa	
 ﾠstrong	
 ﾠelectrolyte	
 ﾠand	
 ﾠ
completely	
 ﾠ dissociates	
 ﾠ in	
 ﾠ water.	
 ﾠ WOAs	
 ﾠ electrolytes	
 ﾠ only	
 ﾠ partially	
 ﾠ dissolve	
 ﾠ in	
 ﾠ water	
 ﾠ and	
 ﾠ the	
 ﾠ
dependence	
 ﾠ of	
 ﾠ concentration	
 ﾠ is	
 ﾠ not	
 ﾠ linear.	
 ﾠ As	
 ﾠ a	
 ﾠ result,	
 ﾠ the	
 ﾠ WOAs	
 ﾠ electrolytes	
 ﾠ show	
 ﾠ lower	
 ﾠ
conductivity	
 ﾠvalues	
 ﾠat	
 ﾠthe	
 ﾠsame	
 ﾠconcentrations	
 ﾠcompared	
 ﾠwith	
 ﾠCaCl2	
 ﾠ
•  From	
 ﾠthe	
 ﾠconductivity	
 ﾠmeasurements	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠdefine	
 ﾠa	
 ﾠdegree	
 ﾠof	
 ﾠaggressiveness	
 ﾠfor	
 ﾠthe	
 ﾠ
different	
 ﾠWOAs	
 ﾠat	
 ﾠdifferent	
 ﾠconcentrations.	
 ﾠThis	
 ﾠdegree	
 ﾠreflects	
 ﾠthe	
 ﾠresults	
 ﾠpreviously	
 ﾠobtained	
 ﾠ
with	
 ﾠthe	
 ﾠpolarization	
 ﾠcurves.	
 ﾠ
•  This	
 ﾠdegree	
 ﾠof	
 ﾠaggressiveness	
 ﾠfinds	
 ﾠan	
 ﾠadditional	
 ﾠconfirmation	
 ﾠin	
 ﾠthe	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠpKa	
 ﾠrecorded	
 ﾠ
by	
 ﾠSohn	
 ﾠet	
 ﾠal.	
 ﾠThe	
 ﾠmalic	
 ﾠacid	
 ﾠis	
 ﾠthe	
 ﾠmore	
 ﾠacidic	
 ﾠsince	
 ﾠits	
 ﾠpKa	
 ﾠis	
 ﾠthe	
 ﾠlowest;	
 ﾠthe	
 ﾠother	
 ﾠthree	
 ﾠhave	
 ﾠ
comparable	
 ﾠvalues	
 ﾠof	
 ﾠpKa.	
 ﾠ
•  From	
 ﾠthese	
 ﾠgraphs	
 ﾠthe	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠconcentrations	
 ﾠwhich	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠand	
 ﾠ
leakage	
 ﾠcurrent	
 ﾠas	
 ﾠ1.56	
 ﾠug/cm
2	
 ﾠof	
 ﾠsodium	
 ﾠchloride	
 ﾠequivalent	
 ﾠhave	
 ﾠbeen	
 ﾠdetermined	
 ﾠ
•  The	
 ﾠ values	
 ﾠ of	
 ﾠ the	
 ﾠ equivalent	
 ﾠ concentrations	
 ﾠ obtained	
 ﾠ with	
 ﾠ the	
 ﾠ LC	
 ﾠ measurements	
 ﾠ are	
 ﾠ much	
 ﾠ
higher	
 ﾠthan	
 ﾠthe	
 ﾠone	
 ﾠobtained	
 ﾠwith	
 ﾠthe	
 ﾠother	
 ﾠmethod.	
 ﾠThe	
 ﾠconcentrations	
 ﾠobtained	
 ﾠwith	
 ﾠthe	
 ﾠ
conductivity	
 ﾠmeasurements	
 ﾠwere	
 ﾠemployed	
 ﾠfor	
 ﾠfurther	
 ﾠinvestigations	
 ﾠon	
 ﾠPCBs	
 ﾠ
•  	
 ﾠThe	
 ﾠ equivalent	
 ﾠ concentrations	
 ﾠ obtained	
 ﾠ with	
 ﾠ both	
 ﾠ the	
 ﾠ methods	
 ﾠ are	
 ﾠ higher	
 ﾠ than	
 ﾠ the	
 ﾠ
concentration	
 ﾠ of	
 ﾠ NaCl	
 ﾠ specified	
 ﾠ by	
 ﾠ IPC	
 ﾠ standard.	
 ﾠ The	
 ﾠ WOAs	
 ﾠ are	
 ﾠ thus	
 ﾠ less	
 ﾠ dangerous	
 ﾠ to	
 ﾠ be	
 ﾠ
present	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠcompared	
 ﾠto	
 ﾠNaCl.	
 ﾠThis	
 ﾠreflects	
 ﾠeven	
 ﾠmore	
 ﾠin	
 ﾠthe	
 ﾠmuch	
 ﾠhigher	
 ﾠequivalent	
 ﾠ
concentrations	
 ﾠobtained	
 ﾠwith	
 ﾠthe	
 ﾠLC	
 ﾠmeasurements	
 ﾠ
•  The	
 ﾠWOAs	
 ﾠsolutions	
 ﾠshow	
 ﾠa	
 ﾠgreater	
 ﾠsensitiveness	
 ﾠto	
 ﾠan	
 ﾠalternate	
 ﾠvoltage	
 ﾠcompared	
 ﾠto	
 ﾠa	
 ﾠdirect	
 ﾠ
one,	
 ﾠdisplaying	
 ﾠa	
 ﾠhigher	
 ﾠrate	
 ﾠof	
 ﾠgrowth	
 ﾠ
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 ﾠ
7.3  Effect	
 ﾠof	
 ﾠWOAs	
 ﾠand	
 ﾠflux	
 ﾠtypes	
 ﾠon	
 ﾠElectrolytic	
 ﾠmigration	
 ﾠ
This	
 ﾠchapter	
 ﾠdescribes	
 ﾠresults	
 ﾠof	
 ﾠthe	
 ﾠinvestigation	
 ﾠon	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠvarious	
 ﾠWOAs	
 ﾠand	
 ﾠwave	
 ﾠsolder	
 ﾠflux	
 ﾠ
types	
 ﾠon	
 ﾠthe	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠusing	
 ﾠdrop-ﾭ‐let	
 ﾠexperiments	
 ﾠon	
 ﾠa	
 ﾠchip	
 ﾠcapacitor	
 ﾠunder	
 ﾠpotential	
 ﾠ
bias.	
 ﾠ The	
 ﾠ component	
 ﾠ used	
 ﾠ for	
 ﾠ the	
 ﾠ testing	
 ﾠ was	
 ﾠ 0805	
 ﾠ 10	
 ﾠ nF	
 ﾠ capacitors.	
 ﾠ The	
 ﾠ SCEM	
 ﾠ setup	
 ﾠ has	
 ﾠ been	
 ﾠ
employed	
 ﾠfor	
 ﾠthese	
 ﾠinvestigations	
 ﾠand	
 ﾠeach	
 ﾠWOA	
 ﾠ(glutaric,	
 ﾠmalic,	
 ﾠadipic,	
 ﾠand	
 ﾠsuccinic)	
 ﾠand	
 ﾠis	
 ﾠtested	
 ﾠfor	
 ﾠ
at	
 ﾠ10	
 ﾠμg/cm
2.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis	
 ﾠthe	
 ﾠseven	
 ﾠflux	
 ﾠsystems	
 ﾠpreviously	
 ﾠintroduced	
 ﾠ(see	
 ﾠ5.13.2)	
 ﾠhave	
 ﾠbeen	
 ﾠ
tested	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2.	
 ﾠTable	
 ﾠ11	
 ﾠlists	
 ﾠthe	
 ﾠsolder	
 ﾠfluxes	
 ﾠemployed;	
 ﾠtheir	
 ﾠspecifications	
 ﾠare	
 ﾠcollected	
 ﾠin	
 ﾠ
Appendix	
 ﾠIII.	
 ﾠThe	
 ﾠarea	
 ﾠof	
 ﾠone	
 ﾠcapacitor	
 ﾠwas	
 ﾠmeasured	
 ﾠto	
 ﾠbe	
 ﾠ2.5	
 ﾠmm
2,	
 ﾠthus	
 ﾠa	
 ﾠ2.5	
 ﾠμl	
 ﾠdroplet	
 ﾠwould	
 ﾠensure	
 ﾠ
the	
 ﾠrequested	
 ﾠconcentration	
 ﾠon	
 ﾠthe	
 ﾠcomponents	
 ﾠaccording	
 ﾠto	
 ﾠthe	
 ﾠrelation	
 ﾠexplained	
 ﾠin	
 ﾠChapter5.13.1.	
 ﾠIn	
 ﾠ
this	
 ﾠ way,	
 ﾠ full	
 ﾠ condensation	
 ﾠ condition	
 ﾠ was	
 ﾠ established	
 ﾠ on	
 ﾠ the	
 ﾠ component	
 ﾠ surface	
 ﾠ with	
 ﾠ needed	
 ﾠ
contamination.	
 ﾠ The	
 ﾠ capacitors	
 ﾠ were	
 ﾠ biased	
 ﾠ under	
 ﾠ a	
 ﾠ 5	
 ﾠ V	
 ﾠ potential	
 ﾠ and	
 ﾠ data	
 ﾠ were	
 ﾠ recorded	
 ﾠ for	
 ﾠ 15	
 ﾠ
minutes.	
 ﾠSCEM	
 ﾠset	
 ﾠup	
 ﾠallow	
 ﾠtesting	
 ﾠof	
 ﾠ3	
 ﾠcomponents	
 ﾠat	
 ﾠa	
 ﾠtime,	
 ﾠand	
 ﾠa	
 ﾠtotal	
 ﾠof	
 ﾠ18	
 ﾠcapacitors	
 ﾠwere	
 ﾠtested	
 ﾠ
in	
 ﾠeach	
 ﾠcase	
 ﾠfor	
 ﾠproviding	
 ﾠbetter	
 ﾠstatistics	
 ﾠwith	
 ﾠ98%	
 ﾠconfidence	
 ﾠlevel	
 ﾠon	
 ﾠthe	
 ﾠprobability	
 ﾠfor	
 ﾠmigration.	
 ﾠ	
 ﾠ
	
 ﾠ
Table	
 ﾠ11	
 ﾠWOAs	
 ﾠand	
 ﾠFlux	
 ﾠSystems	
 ﾠinvestigated	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠ
WOAs	
 ﾠ Flux	
 ﾠSystems	
 ﾠ
Glutaric	
 ﾠacid	
 ﾠ
Adipic	
 ﾠacid	
 ﾠ
Malic	
 ﾠAcid	
 ﾠ
Succinic	
 ﾠacid	
 ﾠ
327	
 ﾠ
380_R	
 ﾠ
390_RXT	
 ﾠ
396_DRM	
 ﾠ
327_Sel	
 ﾠ
94_Sel	
 ﾠ
385_Sel	
 ﾠ
	
 ﾠ
The	
 ﾠvariation	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠthrough	
 ﾠthe	
 ﾠdrop-ﾭ‐let	
 ﾠwas	
 ﾠmeasured	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠtime,	
 ﾠand	
 ﾠvarious	
 ﾠ
parts	
 ﾠof	
 ﾠthe	
 ﾠcurves	
 ﾠwere	
 ﾠthen	
 ﾠanalyzed	
 ﾠfor	
 ﾠleakage	
 ﾠcurrent	
 ﾠlevels	
 ﾠand	
 ﾠmigration	
 ﾠprobability.	
 ﾠ	
 ﾠIn	
 ﾠthe	
 ﾠ
following	
 ﾠ sections	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ the	
 ﾠ WOAs	
 ﾠ and	
 ﾠ flux	
 ﾠ residues	
 ﾠ solutions	
 ﾠ on	
 ﾠ ECM	
 ﾠ probability	
 ﾠ will	
 ﾠ be	
 ﾠ
introduced	
 ﾠand	
 ﾠcompared.	
 ﾠPictures	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠwere	
 ﾠtaken	
 ﾠusing	
 ﾠoptical	
 ﾠand	
 ﾠSEM	
 ﾠmicroscopes.	
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7.3.1  Results	
 ﾠand	
 ﾠdiscussion	
 ﾠ
After	
 ﾠa	
 ﾠgeneral	
 ﾠdescription	
 ﾠof	
 ﾠthe	
 ﾠECM	
 ﾠphenomenon	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠand	
 ﾠflux	
 ﾠsystems	
 ﾠresidues	
 ﾠ
will	
 ﾠbe	
 ﾠintroduced.	
 ﾠThe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠsystems	
 ﾠwill	
 ﾠbe	
 ﾠrelated	
 ﾠto	
 ﾠthe	
 ﾠtype	
 ﾠof	
 ﾠWOA	
 ﾠwhich	
 ﾠis	
 ﾠthe	
 ﾠ
activator	
 ﾠof	
 ﾠthe	
 ﾠflux.	
 ﾠThe	
 ﾠresults	
 ﾠare	
 ﾠthen	
 ﾠcompared	
 ﾠwith	
 ﾠoptical	
 ﾠpictures	
 ﾠand	
 ﾠSEM	
 ﾠand	
 ﾠEDX	
 ﾠanalysis	
 ﾠ
7.3.1.1  Leakage	
 ﾠcurrent	
 ﾠvs.	
 ﾠtime	
 ﾠ
ECM	
 ﾠ involves	
 ﾠ metal	
 ﾠ dissolution	
 ﾠ from	
 ﾠ the	
 ﾠ anode	
 ﾠ (positively	
 ﾠ charged	
 ﾠ electrode)	
 ﾠ and	
 ﾠ ions	
 ﾠ migration	
 ﾠ
through	
 ﾠthe	
 ﾠelectrolyte	
 ﾠtoward	
 ﾠthe	
 ﾠcathode	
 ﾠ(negatively	
 ﾠcharged)	
 ﾠwhere	
 ﾠthey	
 ﾠdeposit.	
 ﾠThis	
 ﾠdeposition	
 ﾠ
implies	
 ﾠthe	
 ﾠgrowth	
 ﾠof	
 ﾠdendrites	
 ﾠwhich	
 ﾠleads	
 ﾠto	
 ﾠcomponent	
 ﾠfailure	
 ﾠor	
 ﾠmalfunctioning	
 ﾠwhen	
 ﾠthey	
 ﾠbridge	
 ﾠ
the	
 ﾠtwo	
 ﾠoppositely	
 ﾠbiased	
 ﾠterminals.	
 ﾠThe	
 ﾠeffect	
 ﾠof	
 ﾠdendrite	
 ﾠgrowth	
 ﾠand	
 ﾠbridging	
 ﾠis	
 ﾠrecorded	
 ﾠwith	
 ﾠLC	
 ﾠvs.	
 ﾠ
time	
 ﾠ curves:	
 ﾠ spikes	
 ﾠ on	
 ﾠ the	
 ﾠ behavior	
 ﾠ of	
 ﾠ the	
 ﾠ current	
 ﾠ mean	
 ﾠ that	
 ﾠ the	
 ﾠ dendrites	
 ﾠ have	
 ﾠ bridged	
 ﾠ the	
 ﾠ two	
 ﾠ
terminals.	
 ﾠThis	
 ﾠshort	
 ﾠcan	
 ﾠbe	
 ﾠpermanent	
 ﾠor	
 ﾠtemporary.	
 ﾠFor	
 ﾠthe	
 ﾠlatter	
 ﾠcase,	
 ﾠthe	
 ﾠsudden	
 ﾠincrease	
 ﾠin	
 ﾠLC	
 ﾠis	
 ﾠ
followed	
 ﾠby	
 ﾠan	
 ﾠequivalent	
 ﾠdrop	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠdown	
 ﾠto	
 ﾠinitial	
 ﾠvalues:	
 ﾠthe	
 ﾠdendrites	
 ﾠburned	
 ﾠoff.	
 ﾠ
	
 ﾠ
7.3.1.2  Migration	
 ﾠas	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠtime	
 ﾠ
A	
 ﾠtypical	
 ﾠleakage	
 ﾠcurrent	
 ﾠvs	
 ﾠtime	
 ﾠcurve	
 ﾠresulting	
 ﾠfrom	
 ﾠthe	
 ﾠSCECM	
 ﾠexperiment	
 ﾠis	
 ﾠshown	
 ﾠin	
 ﾠFigure	
 ﾠ43.	
 ﾠ	
 ﾠThe	
 ﾠ
graphs	
 ﾠ shows	
 ﾠ the	
 ﾠ base	
 ﾠ leakage	
 ﾠ current	
 ﾠ level	
 ﾠ followed	
 ﾠ by	
 ﾠ intermittent	
 ﾠ peaks	
 ﾠ at	
 ﾠ various	
 ﾠ times	
 ﾠ
corresponding	
 ﾠto	
 ﾠthe	
 ﾠdendrite	
 ﾠformation	
 ﾠand	
 ﾠbreakdown.	
 ﾠVertical	
 ﾠdotted	
 ﾠlines	
 ﾠshown	
 ﾠin	
 ﾠthe	
 ﾠgraphs	
 ﾠ
correspond	
 ﾠto	
 ﾠthe	
 ﾠmigration	
 ﾠevents	
 ﾠshown	
 ﾠbelow	
 ﾠin	
 ﾠthe	
 ﾠoptical	
 ﾠpictures.	
 ﾠ	
 ﾠ
	
 ﾠ
0 200 400 600 800 1000
10
-3
10
-2
10
-1
10
0
10
1
6 5 4 2 3
Dendrite 
bridge
 
 
<
I
>
 
(
m
A
)
time (s)
Dendrite growth
Dendrite 
burn off
1
	
 ﾠ
Figure	
 ﾠ43	
 ﾠTypical	
 ﾠLC	
 ﾠvs.	
 ﾠt	
 ﾠcurve	
 ﾠfor	
 ﾠa	
 ﾠ0805	
 ﾠcapacitor	
 ﾠduring	
 ﾠSCEM	
 ﾠexperiment	
 ﾠ
	
 ﾠ
Point	
 ﾠnumber	
 ﾠ1	
 ﾠinFigure	
 ﾠ44	
 ﾠcorresponds	
 ﾠat	
 ﾠthe	
 ﾠinitial	
 ﾠcondition	
 ﾠwhen	
 ﾠthe	
 ﾠpotential	
 ﾠhas	
 ﾠbeen	
 ﾠapplied.	
 ﾠ
During	
 ﾠ the	
 ﾠ first	
 ﾠ three	
 ﾠ minutes	
 ﾠ no	
 ﾠ visible	
 ﾠ dendrite	
 ﾠ nucleation	
 ﾠ was	
 ﾠ recorded	
 ﾠ and	
 ﾠ little	
 ﾠ corrosion	
 ﾠ is	
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observed	
 ﾠat	
 ﾠthe	
 ﾠanode	
 ﾠand	
 ﾠsome	
 ﾠcorrosion	
 ﾠproducts	
 ﾠare	
 ﾠseen	
 ﾠin	
 ﾠthe	
 ﾠsolution,	
 ﾠmost	
 ﾠlikely	
 ﾠtin	
 ﾠhydroxides.	
 ﾠ
Afterwards	
 ﾠthe	
 ﾠdendrite	
 ﾠstarts	
 ﾠto	
 ﾠnucleate	
 ﾠand	
 ﾠgrows	
 ﾠfor	
 ﾠapproximately	
 ﾠ40	
 ﾠseconds	
 ﾠ(2)	
 ﾠuntil	
 ﾠit	
 ﾠreaches	
 ﾠ
the	
 ﾠanode,	
 ﾠshort	
 ﾠcircuiting	
 ﾠthe	
 ﾠsystem	
 ﾠ(3).	
 ﾠDue	
 ﾠto	
 ﾠthe	
 ﾠbridging	
 ﾠthe	
 ﾠcurrent	
 ﾠincreases	
 ﾠalmost	
 ﾠthree	
 ﾠorders,	
 ﾠ
until	
 ﾠthe	
 ﾠdendrite	
 ﾠbridge	
 ﾠdegrades	
 ﾠ(burns	
 ﾠoff)	
 ﾠat	
 ﾠapprox.	
 ﾠ285	
 ﾠseconds	
 ﾠwhen	
 ﾠthe	
 ﾠcurrent	
 ﾠdrops	
 ﾠback	
 ﾠto	
 ﾠ
base	
 ﾠlevel.	
 ﾠAfter	
 ﾠtwo	
 ﾠminutes	
 ﾠa	
 ﾠnew	
 ﾠdendrite	
 ﾠbridge	
 ﾠis	
 ﾠformed,	
 ﾠgiving	
 ﾠa	
 ﾠeven	
 ﾠhigher	
 ﾠLC	
 ﾠpeak,	
 ﾠwhich	
 ﾠis	
 ﾠ
again	
 ﾠdegraded	
 ﾠ(4,	
 ﾠ5).	
 ﾠ	
 ﾠThe	
 ﾠhigher	
 ﾠcurrent	
 ﾠrecorded	
 ﾠafter	
 ﾠthe	
 ﾠsecond	
 ﾠburn	
 ﾠoff	
 ﾠis	
 ﾠboth	
 ﾠdue	
 ﾠto	
 ﾠdendrite	
 ﾠ
branches	
 ﾠ which	
 ﾠ keep	
 ﾠ growing	
 ﾠ from	
 ﾠ the	
 ﾠ backbone	
 ﾠ and	
 ﾠ touching	
 ﾠ each	
 ﾠ other	
 ﾠ increasing	
 ﾠ the	
 ﾠ current	
 ﾠ
passing	
 ﾠthrough,	
 ﾠand	
 ﾠdrying	
 ﾠof	
 ﾠthe	
 ﾠdendrite	
 ﾠdue	
 ﾠto	
 ﾠevaporation	
 ﾠof	
 ﾠwater	
 ﾠ(6).	
 ﾠ	
 ﾠ
	
 ﾠ
	
 ﾠ
	
 ﾠ
	
 ﾠ 	
 ﾠ
Figure	
 ﾠ44Dendtric	
 ﾠgrowth	
 ﾠon	
 ﾠ0805	
 ﾠcapacitor	
 ﾠ
	
 ﾠ
7.3.1.3  Analysis	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠvs	
 ﾠtime	
 ﾠcurves	
 ﾠfor	
 ﾠWOA	
 ﾠresidues	
 ﾠ
The	
 ﾠeffect	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠ	
 ﾠon	
 ﾠthe	
 ﾠECM	
 ﾠprobability	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠin	
 ﾠthe	
 ﾠgraphs	
 ﾠin	
 ﾠFigure	
 ﾠ45.	
 ﾠPercentage	
 ﾠ
of	
 ﾠfailed	
 ﾠcapacitors	
 ﾠvs.	
 ﾠthe	
 ﾠtime	
 ﾠto	
 ﾠfirst	
 ﾠdendrite	
 ﾠbridge	
 ﾠwas	
 ﾠplotted	
 ﾠfor	
 ﾠeach	
 ﾠWOA	
 ﾠ(	
 ﾠFigure	
 ﾠ45a))	
 ﾠ.	
 ﾠFigure	
 ﾠ
45(b)	
 ﾠshows	
 ﾠinstead	
 ﾠthe	
 ﾠpercentage	
 ﾠof	
 ﾠsurvived	
 ﾠcapacitors	
 ﾠand	
 ﾠits	
 ﾠdependence	
 ﾠon	
 ﾠtime.	
 ﾠ
It	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠhow	
 ﾠthe	
 ﾠcumulative	
 ﾠpercent	
 ﾠfailure	
 ﾠincreases	
 ﾠwith	
 ﾠtime	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠWOAs,	
 ﾠwith	
 ﾠ
succinic	
 ﾠacid	
 ﾠshowing	
 ﾠthe	
 ﾠfastest	
 ﾠincrease	
 ﾠin	
 ﾠcumulative	
 ﾠpercent	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠmalic	
 ﾠand	
 ﾠthe	
 ﾠglutaric.	
 ﾠ
Adipic	
 ﾠacid	
 ﾠdid	
 ﾠnot	
 ﾠinduce	
 ﾠany	
 ﾠmigration	
 ﾠon	
 ﾠall	
 ﾠthe	
 ﾠspecimens	
 ﾠat	
 ﾠconcentrations	
 ﾠinvestigated	
 ﾠin	
 ﾠthis	
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study.	
 ﾠThe	
 ﾠfirst	
 ﾠmigration	
 ﾠis	
 ﾠrecorded	
 ﾠafter	
 ﾠ126	
 ﾠseconds	
 ﾠfor	
 ﾠsuccinic	
 ﾠacid,	
 ﾠ190	
 ﾠs	
 ﾠand	
 ﾠ400	
 ﾠs	
 ﾠfor	
 ﾠmalic	
 ﾠand	
 ﾠ
glutaric	
 ﾠacid	
 ﾠrespectively.	
 ﾠ
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Figure	
 ﾠ45	
 ﾠ	
 ﾠWOAs	
 ﾠcontamination:	
 ﾠa)	
 ﾠPercentage	
 ﾠof	
 ﾠfailed	
 ﾠcapacitors	
 ﾠvs.	
 ﾠthe	
 ﾠtime	
 ﾠto	
 ﾠfirst	
 ﾠdendrite	
 ﾠbridge;	
 ﾠ(b)	
 ﾠpercentage	
 ﾠof	
 ﾠ
survived	
 ﾠcapacitors	
 ﾠvs.	
 ﾠtime	
 ﾠ
	
 ﾠ
7.3.1.4  ECM	
 ﾠprobability	
 ﾠvs.	
 ﾠWOA	
 ﾠtype	
 ﾠ
The	
 ﾠpercentage	
 ﾠprobability	
 ﾠfor	
 ﾠECM	
 ﾠcorresponding	
 ﾠto	
 ﾠthe	
 ﾠvarious	
 ﾠWOAs	
 ﾠis	
 ﾠshown	
 ﾠin	
 ﾠFigure	
 ﾠ46.	
 ﾠThe	
 ﾠdata	
 ﾠ
represents	
 ﾠthe	
 ﾠpercentage	
 ﾠof	
 ﾠcapacitors	
 ﾠwhich	
 ﾠshown	
 ﾠECM	
 ﾠduring	
 ﾠtesting	
 ﾠout	
 ﾠof	
 ﾠ18	
 ﾠcomponents	
 ﾠin	
 ﾠeach	
 ﾠ
case.	
 ﾠ	
 ﾠ	
 ﾠ
Nearly	
 ﾠ72	
 ﾠ%	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠshowed	
 ﾠmigration	
 ﾠwhen	
 ﾠcontaminated	
 ﾠwith	
 ﾠsuccinic	
 ﾠacid,	
 ﾠwhich	
 ﾠhas	
 ﾠthe	
 ﾠ
highest	
 ﾠfailure	
 ﾠrate	
 ﾠwithin	
 ﾠthe	
 ﾠWOAs	
 ﾠsystem,	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠwith	
 ﾠ~22%	
 ﾠand	
 ﾠglutaric	
 ﾠacid	
 ﾠwith	
 ﾠ
~16%.	
 ﾠAs	
 ﾠsaid,	
 ﾠthe	
 ﾠadipic	
 ﾠsolution	
 ﾠdid	
 ﾠnot	
 ﾠgive	
 ﾠany	
 ﾠmigration.	
 ﾠThis	
 ﾠis	
 ﾠin	
 ﾠaccord	
 ﾠwith	
 ﾠthe	
 ﾠobtained	
 ﾠresults	
 ﾠ
regarding	
 ﾠthe	
 ﾠaggressiveness	
 ﾠof	
 ﾠthe	
 ﾠWOA	
 ﾠsolution	
 ﾠat	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠ(Chapter7.2.5)	
 ﾠand	
 ﾠthe	
 ﾠdata	
 ﾠlisted	
 ﾠin	
 ﾠ
Sohn	
 ﾠet	
 ﾠal.	
 ﾠconcerning	
 ﾠthe	
 ﾠpKa	
 ﾠvalues.	
 ﾠThe	
 ﾠaggressiveness	
 ﾠof	
 ﾠvarious	
 ﾠacids	
 ﾠis	
 ﾠdifferent,	
 ﾠtherefore	
 ﾠit	
 ﾠcan	
 ﾠ
dissolve	
 ﾠdifferent	
 ﾠamount	
 ﾠof	
 ﾠmetal	
 ﾠions.	
 ﾠAt	
 ﾠthis	
 ﾠconcentration	
 ﾠthe	
 ﾠsuccinic	
 ﾠacid	
 ﾠis	
 ﾠthe	
 ﾠmost	
 ﾠaggressive,	
 ﾠ
showing	
 ﾠboth	
 ﾠthe	
 ﾠhighest	
 ﾠicorr	
 ﾠand	
 ﾠconductivity,	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠand	
 ﾠthe	
 ﾠglutaric	
 ﾠacid.	
 ﾠSuccinic	
 ﾠ
acid	
 ﾠseems,	
 ﾠtherefore,	
 ﾠto	
 ﾠassist	
 ﾠdeposition	
 ﾠand	
 ﾠdendrite	
 ﾠformation	
 ﾠby	
 ﾠadsorbing	
 ﾠon	
 ﾠto	
 ﾠthe	
 ﾠcathode.	
 ﾠ
The	
 ﾠlow	
 ﾠpKa	
 ﾠvalue	
 ﾠfor	
 ﾠthe	
 ﾠmalic	
 ﾠmight	
 ﾠsuggest	
 ﾠthat	
 ﾠthe	
 ﾠsolution	
 ﾠis	
 ﾠso	
 ﾠaggressive	
 ﾠthat	
 ﾠit	
 ﾠinhibits	
 ﾠthe	
 ﾠ
dissolution	
 ﾠof	
 ﾠmetal	
 ﾠions	
 ﾠfrom	
 ﾠthe	
 ﾠanode,	
 ﾠreducing	
 ﾠthe	
 ﾠprobability	
 ﾠof	
 ﾠECM.	
 ﾠ	
 ﾠThe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠ
acids	
 ﾠis	
 ﾠin	
 ﾠaccord	
 ﾠwith	
 ﾠits	
 ﾠmild	
 ﾠaggressiveness	
 ﾠand	
 ﾠits	
 ﾠintermediate	
 ﾠvalue	
 ﾠof	
 ﾠpKa	
 ﾠ(4.4).	
 ﾠDue	
 ﾠto	
 ﾠthe	
 ﾠlow	
 ﾠ
aggressiveness	
 ﾠof	
 ﾠthe	
 ﾠadipic	
 ﾠacid	
 ﾠ(low	
 ﾠicorr	
 ﾠand	
 ﾠconductivity	
 ﾠcombined	
 ﾠwith	
 ﾠthe	
 ﾠsame	
 ﾠpKa	
 ﾠvalue	
 ﾠof	
 ﾠthe	
 ﾠ
glutaric	
 ﾠacid),	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠmetal	
 ﾠmight	
 ﾠbe	
 ﾠtoo	
 ﾠlow	
 ﾠto	
 ﾠinduce	
 ﾠECM	
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Figure	
 ﾠ46ECM	
 ﾠprobability	
 ﾠ(%)	
 ﾠplotted	
 ﾠfor	
 ﾠeach	
 ﾠWOA	
 ﾠ
7.3.1.5  Surface	
 ﾠmorphology	
 ﾠvs.	
 ﾠWOA	
 ﾠtype	
 ﾠ
Before	
 ﾠ describing	
 ﾠ in	
 ﾠ details	
 ﾠ the	
 ﾠ surface	
 ﾠ morphology	
 ﾠ after	
 ﾠ ECM,	
 ﾠ it	
 ﾠ is	
 ﾠ necessary	
 ﾠ to	
 ﾠ explain	
 ﾠ the	
 ﾠ
electrochemical	
 ﾠ behavior	
 ﾠ of	
 ﾠ tin,	
 ﾠ which	
 ﾠ leads	
 ﾠ to	
 ﾠ the	
 ﾠ formation	
 ﾠ of	
 ﾠ different	
 ﾠ compounds.	
 ﾠ 	
 ﾠ These	
 ﾠ
compounds	
 ﾠ due	
 ﾠ to	
 ﾠ pH	
 ﾠ changes	
 ﾠ along	
 ﾠ the	
 ﾠ capacitor	
 ﾠ will	
 ﾠ deposit	
 ﾠ differently,	
 ﾠ originating	
 ﾠ different	
 ﾠ
morphologies.	
 ﾠ
7.3.1.5.1  Electrochemical	
 ﾠbehavior	
 ﾠof	
 ﾠtin	
 ﾠ
Tin	
 ﾠhas	
 ﾠtwo	
 ﾠvalence	
 ﾠstates:	
 ﾠSn
2+	
 ﾠ(stannous)	
 ﾠand	
 ﾠSn
4+	
 ﾠ(stannic),	
 ﾠequally	
 ﾠstable	
 ﾠand	
 ﾠreadily	
 ﾠconvertible.	
 ﾠ
Figure	
 ﾠ47	
 ﾠshows	
 ﾠthe	
 ﾠPourbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠTin.	
 ﾠFrom	
 ﾠthis	
 ﾠdiagram	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠunderline	
 ﾠthe	
 ﾠ
amphoteric	
 ﾠbehavior	
 ﾠof	
 ﾠTin	
 ﾠwhich	
 ﾠis	
 ﾠsoluble	
 ﾠboth	
 ﾠin	
 ﾠacid	
 ﾠand	
 ﾠalkali[40].	
 ﾠ
	
 ﾠ 	
 ﾠ
	
 ﾠ
Figure	
 ﾠ47	
 ﾠPurbaix	
 ﾠdiagram	
 ﾠfor	
 ﾠtin[55]	
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Important	
 ﾠelectrode	
 ﾠreactions	
 ﾠof	
 ﾠtin	
 ﾠin	
 ﾠthe	
 ﾠpresence	
 ﾠof	
 ﾠwater	
 ﾠare:	
 ﾠ
Anode:	
 ﾠ	
 ﾠ Sn	
 ﾠ￠	
 ﾠSn
2+	
 ﾠ+	
 ﾠ2e	
 ﾠ 	
 ﾠ 	
 ﾠ 	
 ﾠ Eq	
 ﾠ22	
 ﾠ
	
 ﾠ 	
 ﾠ Sn
2+￠	
 ﾠSn
4++	
 ﾠ2e
-ﾭ‐	
 ﾠ	
 ﾠ 	
 ﾠ Eq	
 ﾠ43
	
 ﾠ
	
 ﾠ 	
 ﾠ Sn
4++	
 ﾠ4H2O	
 ﾠ￠	
 ﾠSn(OH)4	
 ﾠ+	
 ﾠ4H
+	
 ﾠ 	
 ﾠ Eq	
 ﾠ24	
 ﾠ
	
 ﾠ 	
 ﾠ Sn	
 ﾠ+	
 ﾠ4H2O	
 ﾠ￠	
 ﾠSn(OH)4	
 ﾠ+	
 ﾠ4H
+	
 ﾠ+	
 ﾠ4e
-ﾭ‐	
 ﾠ Eq	
 ﾠ25	
 ﾠ
	
 ﾠ 	
 ﾠ 2H2O	
 ﾠ￠	
 ﾠ02	
 ﾠ+	
 ﾠ4H
+	
 ﾠ+	
 ﾠ4e
-ﾭ‐	
 ﾠ 	
 ﾠ 	
 ﾠ Eq	
 ﾠ26	
 ﾠ
Cathode:	
 ﾠ O2	
 ﾠ+	
 ﾠ2H2O	
 ﾠ+	
 ﾠ4e
-ﾭ‐￠	
 ﾠ4OH
-ﾭ‐	
 ﾠ 	
 ﾠ 	
 ﾠ Eq	
 ﾠ27	
 ﾠ 	
 ﾠ
	
 ﾠ 	
 ﾠ H2O	
 ﾠ+	
 ﾠ2e
-ﾭ‐￠	
 ﾠH2	
 ﾠ↑	
 ﾠ+	
 ﾠ2OH
-ﾭ‐	
 ﾠ 	
 ﾠ Eq	
 ﾠ28	
 ﾠ
7.3.1.5.2  Stability	
 ﾠof	
 ﾠtin	
 ﾠspecies	
 ﾠin	
 ﾠsolution	
 ﾠand	
 ﾠconnection	
 ﾠto	
 ﾠECM	
 ﾠ
Due	
 ﾠ to	
 ﾠ reaction	
 ﾠ explained	
 ﾠ in	
 ﾠ Equations	
 ﾠ 24,	
 ﾠ 25	
 ﾠ and	
 ﾠ 26,	
 ﾠ the	
 ﾠ generation	
 ﾠ of	
 ﾠ H
+	
 ﾠ ions	
 ﾠ will	
 ﾠ make	
 ﾠ the	
 ﾠ
environment	
 ﾠmore	
 ﾠacidic,	
 ﾠwhile	
 ﾠat	
 ﾠthe	
 ﾠcathode	
 ﾠand	
 ﾠincrease	
 ﾠin	
 ﾠpH	
 ﾠwill	
 ﾠbe	
 ﾠexperienced	
 ﾠdue	
 ﾠto	
 ﾠoxygen	
 ﾠ
reduction	
 ﾠ(Equation	
 ﾠ27)	
 ﾠand	
 ﾠhydrogen	
 ﾠevolution	
 ﾠfrom	
 ﾠwater	
 ﾠdissociation	
 ﾠ(Equation	
 ﾠ28).	
 ﾠThis	
 ﾠpH	
 ﾠchanges	
 ﾠ
along	
 ﾠthe	
 ﾠsurface	
 ﾠwill	
 ﾠlead	
 ﾠto	
 ﾠdifferent	
 ﾠtin-ﾭ‐compounds	
 ﾠprecipitation.	
 ﾠThe	
 ﾠstannous	
 ﾠand	
 ﾠstannic	
 ﾠions	
 ﾠfrom	
 ﾠ
the	
 ﾠanode	
 ﾠ(low	
 ﾠpH)	
 ﾠdissolve	
 ﾠand	
 ﾠmigrate	
 ﾠtowards	
 ﾠthe	
 ﾠcathode	
 ﾠ(high	
 ﾠpH);	
 ﾠduring	
 ﾠtheir	
 ﾠpath	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠ
increasing	
 ﾠpH	
 ﾠthey	
 ﾠwill	
 ﾠfirst	
 ﾠhydrolyze	
 ﾠinto	
 ﾠmany	
 ﾠintermediate	
 ﾠspecies,	
 ﾠmainly	
 ﾠstannic	
 ﾠhydroxide	
 ﾠSn(OH)4	
 ﾠ
.	
 ﾠThis	
 ﾠwill	
 ﾠthen	
 ﾠconvert	
 ﾠinto	
 ﾠstannate	
 ﾠSn(OH)6
2-ﾭ‐	
 ﾠunder	
 ﾠan	
 ﾠalkaline	
 ﾠpH	
 ﾠat	
 ﾠthe	
 ﾠcathode.	
 ﾠFigure	
 ﾠ48	
 ﾠshows	
 ﾠa	
 ﾠ
schematic	
 ﾠrepresentation	
 ﾠof	
 ﾠthe	
 ﾠpH	
 ﾠgradient	
 ﾠformation	
 ﾠinside	
 ﾠthe	
 ﾠdroplet	
 ﾠon	
 ﾠthe	
 ﾠcapacitor;	
 ﾠit	
 ﾠillustrates,	
 ﾠ
additionally,	
 ﾠthe	
 ﾠareas	
 ﾠof	
 ﾠstability	
 ﾠfor	
 ﾠvarious	
 ﾠspecies	
 ﾠwith	
 ﾠlocal	
 ﾠchemistry	
 ﾠchanges.	
 ﾠ	
 ﾠ
This	
 ﾠphenomenon	
 ﾠwill	
 ﾠresult	
 ﾠin	
 ﾠa	
 ﾠdifferent	
 ﾠsurface	
 ﾠmorphology	
 ﾠas	
 ﾠthe	
 ﾠtin	
 ﾠhydroxides	
 ﾠwill	
 ﾠproduce	
 ﾠwhiter	
 ﾠ
deposits	
 ﾠwhereas	
 ﾠthe	
 ﾠtin	
 ﾠdarker	
 ﾠones.	
 ﾠThis	
 ﾠwill	
 ﾠbe	
 ﾠshown	
 ﾠin	
 ﾠthe	
 ﾠfollowing	
 ﾠchapter.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ48	
 ﾠpH	
 ﾠgradient	
 ﾠformation	
 ﾠin	
 ﾠthe	
 ﾠdroplet	
 ﾠon	
 ﾠa	
 ﾠcapacitor	
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 ﾠ
7.3.1.5.3  Visual	
 ﾠappearance	
 ﾠof	
 ﾠthe	
 ﾠdendrites	
 ﾠafter	
 ﾠWOA	
 ﾠcontamination	
 ﾠ 	
 ﾠ
Figure	
 ﾠ49	
 ﾠshows	
 ﾠoptical	
 ﾠpictures	
 ﾠof	
 ﾠthe	
 ﾠcapacitors,	
 ﾠtaken	
 ﾠat	
 ﾠthe	
 ﾠend	
 ﾠof	
 ﾠthe	
 ﾠtest.	
 ﾠThe	
 ﾠadipic	
 ﾠacid	
 ﾠ(picture	
 ﾠ
1)	
 ﾠdid	
 ﾠnot	
 ﾠcreate	
 ﾠsufficient	
 ﾠcondition	
 ﾠto	
 ﾠinduce	
 ﾠECM:	
 ﾠdegradation	
 ﾠof	
 ﾠthe	
 ﾠanode	
 ﾠcan	
 ﾠbe	
 ﾠnoticed	
 ﾠbut	
 ﾠthe	
 ﾠ
pH	
 ﾠand	
 ﾠthe	
 ﾠreaction	
 ﾠrate	
 ﾠwere	
 ﾠnot	
 ﾠmaintained	
 ﾠto	
 ﾠthe	
 ﾠlevels	
 ﾠrequired	
 ﾠto	
 ﾠensure	
 ﾠSn	
 ﾠdeposition	
 ﾠat	
 ﾠthe	
 ﾠ
cathode.	
 ﾠOn	
 ﾠthe	
 ﾠother	
 ﾠcapacitors	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠdendrite	
 ﾠformation	
 ﾠwhich	
 ﾠled	
 ﾠto	
 ﾠleakage	
 ﾠ
current	
 ﾠspikes.	
 ﾠThe	
 ﾠmalic	
 ﾠsolution	
 ﾠ(picture	
 ﾠ2)	
 ﾠcreated	
 ﾠa	
 ﾠmore	
 ﾠacidic	
 ﾠenvironment	
 ﾠas	
 ﾠcan	
 ﾠbe	
 ﾠnoticed	
 ﾠby	
 ﾠ
the	
 ﾠpresence	
 ﾠof	
 ﾠa	
 ﾠdark	
 ﾠdendrite	
 ﾠdue	
 ﾠto	
 ﾠmainly	
 ﾠdeposition	
 ﾠof	
 ﾠtin.	
 ﾠThe	
 ﾠless	
 ﾠacidic	
 ﾠenvironment	
 ﾠgenerated	
 ﾠ
by	
 ﾠthe	
 ﾠremaining	
 ﾠglutaric	
 ﾠand	
 ﾠsuccinic	
 ﾠsolutions	
 ﾠ(picture	
 ﾠ3	
 ﾠand	
 ﾠ4	
 ﾠrespectively)	
 ﾠis	
 ﾠseen	
 ﾠon	
 ﾠthe	
 ﾠwither	
 ﾠ
dendrites	
 ﾠdue	
 ﾠto	
 ﾠdeposition	
 ﾠof	
 ﾠtin	
 ﾠhydroxides.	
 ﾠThe	
 ﾠdendrites	
 ﾠformed	
 ﾠby	
 ﾠthe	
 ﾠsuccinic	
 ﾠsolution	
 ﾠare	
 ﾠalso	
 ﾠ
wider	
 ﾠand	
 ﾠmore	
 ﾠbranched	
 ﾠas	
 ﾠit	
 ﾠfacilitates	
 ﾠdeposition	
 ﾠat	
 ﾠdifferent	
 ﾠplaces.	
 ﾠ
From	
 ﾠFigure	
 ﾠ49	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthat	
 ﾠthe	
 ﾠblack	
 ﾠdendrite	
 ﾠgrows	
 ﾠunder	
 ﾠthe	
 ﾠtin	
 ﾠhydroxides	
 ﾠuntil	
 ﾠthe	
 ﾠpH	
 ﾠ
for	
 ﾠtheir	
 ﾠdeposition	
 ﾠis	
 ﾠfavorable.	
 ﾠWhen	
 ﾠit	
 ﾠgets	
 ﾠcloser	
 ﾠto	
 ﾠthe	
 ﾠanode	
 ﾠto	
 ﾠlower	
 ﾠpH,	
 ﾠthe	
 ﾠblack	
 ﾠdendrite	
 ﾠ
becomes	
 ﾠmore	
 ﾠvisible	
 ﾠas	
 ﾠhydroxides	
 ﾠdeposition	
 ﾠdoes	
 ﾠnot	
 ﾠtake	
 ﾠplace.	
 ﾠ
	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ49	
 ﾠVisual	
 ﾠappearance	
 ﾠof	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠafter	
 ﾠSCEM	
 ﾠexperiments	
 ﾠat	
 ﾠ10	
 ﾠμg/cm
2:	
 ﾠ1)	
 ﾠadipic;	
 ﾠ2)malic;	
 ﾠ
3)glutaric;	
 ﾠ4)	
 ﾠsuccinic	
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 ﾠ
7.3.1.6  Analysis	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠvs	
 ﾠtime	
 ﾠcurves	
 ﾠfor	
 ﾠSolder	
 ﾠFlux	
 ﾠResidues	
 ﾠtype	
 ﾠ
Figure	
 ﾠ50	
 ﾠshows	
 ﾠthe	
 ﾠcumulative	
 ﾠpercent	
 ﾠfailure	
 ﾠ(picture	
 ﾠa))	
 ﾠand	
 ﾠreliability	
 ﾠ(picture	
 ﾠb))	
 ﾠplots	
 ﾠfor	
 ﾠvarious	
 ﾠ
wave	
 ﾠsolder	
 ﾠflux	
 ﾠsystems	
 ﾠresidues	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2.	
 ﾠ	
 ﾠAll	
 ﾠthe	
 ﾠflux	
 ﾠsystems	
 ﾠshowed	
 ﾠmigration	
 ﾠafter	
 ﾠ100	
 ﾠ
seconds	
 ﾠand	
 ﾠthe	
 ﾠreliability	
 ﾠdecreases	
 ﾠwith	
 ﾠtime	
 ﾠas	
 ﾠmore	
 ﾠcapacitors	
 ﾠfailed	
 ﾠwith	
 ﾠincreasing	
 ﾠtime.	
 ﾠ
As	
 ﾠfor	
 ﾠthe	
 ﾠWOA	
 ﾠcase,	
 ﾠthe	
 ﾠcumulative	
 ﾠpercent	
 ﾠfailure	
 ﾠincrease	
 ﾠwith	
 ﾠtime	
 ﾠfor	
 ﾠall	
 ﾠsolder	
 ﾠflux	
 ﾠresidues,	
 ﾠwith	
 ﾠ
the	
 ﾠ327	
 ﾠsolder	
 ﾠflux	
 ﾠshowing	
 ﾠthe	
 ﾠfastest	
 ﾠincrease	
 ﾠin	
 ﾠcumulative	
 ﾠpercent,	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠ380_R	
 ﾠand	
 ﾠ
390_RXHT.	
 ﾠ	
 ﾠ385_Sel	
 ﾠdid	
 ﾠnot	
 ﾠinduce	
 ﾠany	
 ﾠmigration	
 ﾠon	
 ﾠall	
 ﾠthe	
 ﾠspecimens	
 ﾠat	
 ﾠconcentrations	
 ﾠinvestigated	
 ﾠin	
 ﾠ
this	
 ﾠstudy.	
 ﾠ
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Figure	
 ﾠ50	
 ﾠSolder	
 ﾠFlux	
 ﾠSysems	
 ﾠcontamination:	
 ﾠa)	
 ﾠPercentage	
 ﾠof	
 ﾠfailed	
 ﾠcapacitors	
 ﾠvs.	
 ﾠthe	
 ﾠtime	
 ﾠto	
 ﾠfirst	
 ﾠdendrite	
 ﾠbridge;	
 ﾠ(b)	
 ﾠ
percentage	
 ﾠof	
 ﾠsurvived	
 ﾠcapacitors	
 ﾠvs.	
 ﾠtime	
 ﾠ
	
 ﾠ
7.3.1.6.1  ECM	
 ﾠprobability	
 ﾠvs.	
 ﾠSolder	
 ﾠFlux	
 ﾠResidues	
 ﾠtype	
 ﾠ
The	
 ﾠpercentage	
 ﾠprobability	
 ﾠfor	
 ﾠECM	
 ﾠcorresponding	
 ﾠto	
 ﾠthe	
 ﾠvarious	
 ﾠsolder	
 ﾠflux	
 ﾠresidues	
 ﾠis	
 ﾠshown	
 ﾠin	
 ﾠFigure	
 ﾠ
51	
 ﾠ The	
 ﾠ data	
 ﾠ represents	
 ﾠ the	
 ﾠ percentage	
 ﾠ of	
 ﾠ capacitors	
 ﾠ which	
 ﾠ shown	
 ﾠ ECM	
 ﾠ during	
 ﾠ testing	
 ﾠ out	
 ﾠ of	
 ﾠ 18	
 ﾠ
components	
 ﾠin	
 ﾠeach	
 ﾠcase.	
 ﾠ	
 ﾠ	
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Figure	
 ﾠ51	
 ﾠECM	
 ﾠprobability	
 ﾠ(%)	
 ﾠplotted	
 ﾠfor	
 ﾠeach	
 ﾠSolder	
 ﾠFlux	
 ﾠSystem	
 ﾠ
Solder	
 ﾠflux	
 ﾠresidues	
 ﾠfrom	
 ﾠ327	
 ﾠshow	
 ﾠthe	
 ﾠhigher	
 ﾠpercentage	
 ﾠof	
 ﾠfailures,	
 ﾠ~77	
 ﾠ%,	
 ﾠfollowed	
 ﾠby	
 ﾠthe	
 ﾠ380_R	
 ﾠflux	
 ﾠ
residues	
 ﾠwith	
 ﾠ~61%.	
 ﾠ385_sel	
 ﾠflux	
 ﾠresidues	
 ﾠdid	
 ﾠnot	
 ﾠproduce	
 ﾠany	
 ﾠmigration.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠunderstand	
 ﾠand	
 ﾠ
compare	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠsystems	
 ﾠit	
 ﾠis	
 ﾠnecessary	
 ﾠto	
 ﾠexplain	
 ﾠsome	
 ﾠproperties	
 ﾠof	
 ﾠthese	
 ﾠfluxes	
 ﾠlike	
 ﾠ
the	
 ﾠ acid	
 ﾠ number	
 ﾠ and	
 ﾠ the	
 ﾠ type	
 ﾠ of	
 ﾠ WOA	
 ﾠ which	
 ﾠ constitutes	
 ﾠ the	
 ﾠ activator	
 ﾠ for	
 ﾠ each	
 ﾠ flux.	
 ﾠ This	
 ﾠ will	
 ﾠ be	
 ﾠ
explained	
 ﾠin	
 ﾠthe	
 ﾠfollowing	
 ﾠparagraph.	
 ﾠ
7.3.1.6.2  Solder	
 ﾠflux	
 ﾠanalysis	
 ﾠ
Table	
 ﾠ11	
 ﾠshows	
 ﾠthe	
 ﾠsolid	
 ﾠcontent	
 ﾠand	
 ﾠacid	
 ﾠnumber	
 ﾠfor	
 ﾠvarious	
 ﾠflux	
 ﾠsystems	
 ﾠfor	
 ﾠcomparison.	
 ﾠThe	
 ﾠacid	
 ﾠ
number	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠcan	
 ﾠbe	
 ﾠdirectly	
 ﾠcompared	
 ﾠwith	
 ﾠthe	
 ﾠlevel	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠand	
 ﾠECM	
 ﾠsusceptibility,	
 ﾠ
although	
 ﾠthe	
 ﾠeffect	
 ﾠis	
 ﾠalso	
 ﾠa	
 ﾠfunction	
 ﾠof	
 ﾠthe	
 ﾠtype	
 ﾠof	
 ﾠacid	
 ﾠin	
 ﾠeach	
 ﾠflux	
 ﾠsystems.	
 ﾠ	
 ﾠ
	
 ﾠ
Table	
 ﾠ12	
 ﾠSolid	
 ﾠcontent	
 ﾠand	
 ﾠacid	
 ﾠnumber	
 ﾠ
Product    
(Flux Type) 
Solid 
content 
Acid no 
380R  4.15  30.69 
390 RX HT  2.2  15.8 
396 DRM  4  36.85 
94 SEL  2.57  13.85 
327  4.94  29.00 
327 SEL  4.94  19.7 
385 SEL  1.91  18.75 
	
 ﾠ
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Comparing	
 ﾠ Figure	
 ﾠ 51	
 ﾠ with	
 ﾠ Table	
 ﾠ 12,	
 ﾠ although	
 ﾠ in	
 ﾠ general	
 ﾠ migration	
 ﾠ probability	
 ﾠ increases	
 ﾠ with	
 ﾠ acid	
 ﾠ
number	
 ﾠ(eg.	
 ﾠhigher	
 ﾠECM	
 ﾠprobability	
 ﾠfor	
 ﾠ327	
 ﾠand	
 ﾠ380	
 ﾠR),	
 ﾠsome	
 ﾠhigher	
 ﾠacid	
 ﾠnumber	
 ﾠfluxes	
 ﾠshows	
 ﾠlower	
 ﾠ
probability	
 ﾠwhile	
 ﾠlow	
 ﾠacid	
 ﾠnumber	
 ﾠfluxes	
 ﾠshows	
 ﾠhigher	
 ﾠprobability.	
 ﾠOverall	
 ﾠthe	
 ﾠresults	
 ﾠindicates	
 ﾠthat	
 ﾠthe	
 ﾠ
effect	
 ﾠis	
 ﾠa	
 ﾠmixture	
 ﾠof	
 ﾠhigher	
 ﾠacid	
 ﾠcontent	
 ﾠand	
 ﾠacid	
 ﾠtype	
 ﾠsimilar	
 ﾠto	
 ﾠthat	
 ﾠobserved	
 ﾠfor	
 ﾠthe	
 ﾠfour	
 ﾠacid	
 ﾠtypes	
 ﾠ
tested.	
 ﾠAmong	
 ﾠthe	
 ﾠfour	
 ﾠacid	
 ﾠtypes,	
 ﾠsuccinic	
 ﾠacid	
 ﾠshows	
 ﾠhigher	
 ﾠprobability	
 ﾠfor	
 ﾠECM,	
 ﾠwhile	
 ﾠglutatric	
 ﾠand	
 ﾠ
malic	
 ﾠacids	
 ﾠshows	
 ﾠmuch	
 ﾠlower	
 ﾠprobabilities.	
 ﾠAdipic	
 ﾠacid	
 ﾠon	
 ﾠthe	
 ﾠother	
 ﾠhand	
 ﾠdid	
 ﾠnot	
 ﾠshow	
 ﾠany	
 ﾠmigration	
 ﾠ
within	
 ﾠthe	
 ﾠconcentration	
 ﾠlevel	
 ﾠtested.	
 ﾠThis	
 ﾠshows	
 ﾠthat	
 ﾠa	
 ﾠflux	
 ﾠsystem	
 ﾠwith	
 ﾠsuccinic	
 ﾠacid	
 ﾠin	
 ﾠgeneral	
 ﾠhas	
 ﾠthe	
 ﾠ
capability	
 ﾠto	
 ﾠshow	
 ﾠhigher	
 ﾠECM	
 ﾠlevels,	
 ﾠwhile	
 ﾠadipic	
 ﾠshow	
 ﾠleast.	
 ﾠThis	
 ﾠprovides	
 ﾠan	
 ﾠindication	
 ﾠto	
 ﾠthe	
 ﾠpossible	
 ﾠ
reasons	
 ﾠ why	
 ﾠ various	
 ﾠ flux	
 ﾠ systems	
 ﾠ showed	
 ﾠ contrasting	
 ﾠ effects	
 ﾠ on	
 ﾠ ECM	
 ﾠ when	
 ﾠ comparing	
 ﾠ with	
 ﾠ acid	
 ﾠ
content.	
 ﾠ	
 ﾠTable	
 ﾠ13	
 ﾠshows	
 ﾠthe	
 ﾠIon	
 ﾠchromatographic	
 ﾠanalysis	
 ﾠof	
 ﾠthe	
 ﾠflux	
 ﾠtypes	
 ﾠindicating	
 ﾠthe	
 ﾠacid	
 ﾠtypes	
 ﾠand	
 ﾠ
other	
 ﾠions	
 ﾠpresent	
 ﾠin	
 ﾠthe	
 ﾠflux	
 ﾠsystems.	
 ﾠIt	
 ﾠis	
 ﾠdifficult	
 ﾠto	
 ﾠseparately	
 ﾠidentify	
 ﾠthe	
 ﾠpeaks	
 ﾠfor	
 ﾠadipic/glutaric	
 ﾠ
and	
 ﾠ malic/succinic,	
 ﾠ therefore	
 ﾠ comparison	
 ﾠ of	
 ﾠ the	
 ﾠ results	
 ﾠ with	
 ﾠ ECM	
 ﾠ probability	
 ﾠ needs	
 ﾠ some	
 ﾠ
generalizations.	
 ﾠHigher	
 ﾠECM	
 ﾠcapability	
 ﾠfor	
 ﾠflux	
 ﾠtype	
 ﾠ327	
 ﾠis	
 ﾠunderstandable	
 ﾠas	
 ﾠit	
 ﾠconsists	
 ﾠof	
 ﾠaggressive	
 ﾠ
acids	
 ﾠand	
 ﾠsome	
 ﾠlevel	
 ﾠchloride.	
 ﾠSimilarly	
 ﾠ380	
 ﾠR	
 ﾠconsists	
 ﾠof	
 ﾠhigher	
 ﾠlevels	
 ﾠof	
 ﾠacids	
 ﾠ(expected	
 ﾠto	
 ﾠbe	
 ﾠglutaric	
 ﾠas	
 ﾠ
the	
 ﾠECM	
 ﾠsusceptibility	
 ﾠwas	
 ﾠhigher	
 ﾠunlike	
 ﾠobserved	
 ﾠfor	
 ﾠadipic	
 ﾠacid)	
 ﾠand	
 ﾠsome	
 ﾠchlorides.	
 ﾠSimilarly	
 ﾠ390-ﾭ‐
RXHT	
 ﾠshows	
 ﾠcomparatively	
 ﾠhigher	
 ﾠECM	
 ﾠlevels,	
 ﾠalthough	
 ﾠless	
 ﾠthan	
 ﾠ327	
 ﾠand	
 ﾠ380	
 ﾠR.	
 ﾠTherefore	
 ﾠthe	
 ﾠacid	
 ﾠtype	
 ﾠ
in	
 ﾠthis	
 ﾠcase	
 ﾠmight	
 ﾠbe	
 ﾠglutaric,	
 ﾠotherwise	
 ﾠthe	
 ﾠexpected	
 ﾠeffect	
 ﾠshould	
 ﾠbe	
 ﾠless	
 ﾠcomparing	
 ﾠthe	
 ﾠbehaviour	
 ﾠfor	
 ﾠ
adipic	
 ﾠacid.	
 ﾠOn	
 ﾠthe	
 ﾠother	
 ﾠhand,	
 ﾠ396-ﾭ‐DRM	
 ﾠshowed	
 ﾠonly	
 ﾠlower	
 ﾠECM	
 ﾠprobability	
 ﾠalthough	
 ﾠit	
 ﾠconsists	
 ﾠof	
 ﾠ
significantly	
 ﾠhigher	
 ﾠlevels	
 ﾠacid,	
 ﾠtherefore	
 ﾠexpected	
 ﾠto	
 ﾠbe	
 ﾠmade	
 ﾠof	
 ﾠadipic	
 ﾠacid.	
 ﾠ	
 ﾠ
	
 ﾠ
	
 ﾠ
Table	
 ﾠ13	
 ﾠIC	
 ﾠanalysis	
 ﾠof	
 ﾠthe	
 ﾠdifferent	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems	
 ﾠ
Flux	
 ﾠtype	
 ﾠ  Adipic/glutaric 
Ret.	
 ﾠ7,35 
[ppm] 
Malic/succinic 
Ret.	
 ﾠ7,85 
[ppm] 
Chloride	
 ﾠ[ppm] 
94-ﾭ‐SEL	
 ﾠ  -ﾭ‐	
 ﾠ  -ﾭ‐	
 ﾠ  -ﾭ‐	
 ﾠ 
327	
 ﾠ  -ﾭ‐	
 ﾠ  14,7	
 ﾠ  0,5	
 ﾠ 
327-ﾭ‐SEL	
 ﾠ  -ﾭ‐	
 ﾠ  9,7	
 ﾠ  -ﾭ‐	
 ﾠ 
390-ﾭ‐RXHT	
 ﾠ  15,9	
 ﾠ  -ﾭ‐	
 ﾠ  -ﾭ‐	
 ﾠ 
380-ﾭ‐R	
 ﾠ  32,3	
 ﾠ  -ﾭ‐	
 ﾠ  0,4	
 ﾠ 
385-ﾭ‐SEL	
 ﾠ  -ﾭ‐	
 ﾠ  19,2	
 ﾠ	
 ﾠ
(difficult	
 ﾠto	
 ﾠdetermine) 
-ﾭ‐	
 ﾠ 
396-ﾭ‐DRM	
 ﾠ  50,3	
 ﾠ  -ﾭ‐	
 ﾠ  -ﾭ‐	
 ﾠ 
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Further	
 ﾠinvestigation	
 ﾠon	
 ﾠthe	
 ﾠmorphology	
 ﾠof	
 ﾠthe	
 ﾠtested	
 ﾠcapacitors	
 ﾠunder	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠsolder	
 ﾠsystems	
 ﾠcan	
 ﾠ
be	
 ﾠutterly	
 ﾠhelpful	
 ﾠto	
 ﾠunderstand	
 ﾠthe	
 ﾠdifferent	
 ﾠbehaviors.	
 ﾠThese	
 ﾠresults	
 ﾠare	
 ﾠexplained	
 ﾠin	
 ﾠthe	
 ﾠfollowing	
 ﾠ
paragraph.	
 ﾠ
	
 ﾠ
7.3.1.7  Visual	
 ﾠappearance	
 ﾠof	
 ﾠthe	
 ﾠdendrites	
 ﾠafter	
 ﾠSolder	
 ﾠflux	
 ﾠresidues	
 ﾠcontamination	
 ﾠ
Figure	
 ﾠ52	
 ﾠbelow	
 ﾠdisplays	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠof	
 ﾠsolder	
 ﾠflux	
 ﾠ
residues.	
 ﾠPicture	
 ﾠ1,3,5	
 ﾠand	
 ﾠ7	
 ﾠshow	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠ94_Sel,	
 ﾠ	
 ﾠ327_Sel,	
 ﾠ385_Sel	
 ﾠand	
 ﾠ396	
 ﾠDRM	
 ﾠsolder	
 ﾠflux	
 ﾠ
residues	
 ﾠrespectively.	
 ﾠFor	
 ﾠall	
 ﾠthese	
 ﾠcases	
 ﾠthe	
 ﾠanode,	
 ﾠon	
 ﾠthe	
 ﾠleft,	
 ﾠchanged	
 ﾠcolor	
 ﾠdisplaying	
 ﾠa	
 ﾠcombination	
 ﾠ
of	
 ﾠ grey,	
 ﾠ green	
 ﾠ and	
 ﾠ yellow:	
 ﾠ the	
 ﾠ electroplated	
 ﾠ layer	
 ﾠ of	
 ﾠ tin	
 ﾠ has	
 ﾠ been	
 ﾠ severely	
 ﾠ corroded	
 ﾠ exposing	
 ﾠ the	
 ﾠ
underlying	
 ﾠlayer	
 ﾠof	
 ﾠcopper	
 ﾠto	
 ﾠthe	
 ﾠsolder	
 ﾠflux	
 ﾠsolution	
 ﾠwhich	
 ﾠcorroded	
 ﾠit.	
 ﾠHigh	
 ﾠlevel	
 ﾠof	
 ﾠcorrosion	
 ﾠinhibits	
 ﾠ
the	
 ﾠECM	
 ﾠmigration,	
 ﾠwhich	
 ﾠis	
 ﾠthe	
 ﾠreason	
 ﾠwhy	
 ﾠlower	
 ﾠECM	
 ﾠprobability	
 ﾠhas	
 ﾠbeen	
 ﾠshown	
 ﾠfrom	
 ﾠthis	
 ﾠsample,	
 ﾠ
regardless	
 ﾠthe	
 ﾠrelatively	
 ﾠhigh	
 ﾠacid	
 ﾠnumber	
 ﾠand	
 ﾠacid	
 ﾠconcentration	
 ﾠdiscussed	
 ﾠbefore.	
 ﾠ
385_Sel	
 ﾠand	
 ﾠ396_DRM	
 ﾠshowed	
 ﾠmigration	
 ﾠbut	
 ﾠthe	
 ﾠreaction	
 ﾠrate	
 ﾠand	
 ﾠthe	
 ﾠcondition	
 ﾠwere	
 ﾠnot	
 ﾠsufficient	
 ﾠto	
 ﾠ
induce	
 ﾠshort	
 ﾠcircuits.	
 ﾠIt	
 ﾠis	
 ﾠindeed	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠfrom	
 ﾠthe	
 ﾠrelated	
 ﾠpicture	
 ﾠthat	
 ﾠthe	
 ﾠdendrite	
 ﾠstopped	
 ﾠat	
 ﾠ
the	
 ﾠvery	
 ﾠbeginning	
 ﾠfor	
 ﾠthe	
 ﾠformer	
 ﾠone,	
 ﾠand	
 ﾠcloser	
 ﾠto	
 ﾠthe	
 ﾠanode	
 ﾠfor	
 ﾠthe	
 ﾠlatter	
 ﾠone.	
 ﾠTheir	
 ﾠdendrites	
 ﾠappear	
 ﾠ
to	
 ﾠbe	
 ﾠthicker	
 ﾠthan	
 ﾠthe	
 ﾠother	
 ﾠand	
 ﾠmuch	
 ﾠless	
 ﾠhydroxides	
 ﾠdeposition	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠother	
 ﾠ
cases.	
 ﾠThe	
 ﾠpH	
 ﾠof	
 ﾠthe	
 ﾠsolution	
 ﾠremains	
 ﾠprobably	
 ﾠtoo	
 ﾠlow	
 ﾠalong	
 ﾠthe	
 ﾠwhole	
 ﾠdistance	
 ﾠbetween	
 ﾠthe	
 ﾠtwo	
 ﾠ
terminals,	
 ﾠinhibiting	
 ﾠthe	
 ﾠdeposition	
 ﾠof	
 ﾠthe	
 ﾠhydroxides.	
 ﾠ	
 ﾠ
For	
 ﾠthe	
 ﾠother	
 ﾠsolutions	
 ﾠthe	
 ﾠmorphology	
 ﾠdoes	
 ﾠnot	
 ﾠchange	
 ﾠso	
 ﾠmuch	
 ﾠfrom	
 ﾠthe	
 ﾠones	
 ﾠpreviously	
 ﾠdescribed	
 ﾠ
with	
 ﾠthe	
 ﾠglutaric,	
 ﾠmalic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid.	
 ﾠ	
 ﾠ
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 ﾠ
Figure	
 ﾠ52Visual	
 ﾠappearance	
 ﾠof	
 ﾠthe	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠSolder	
 ﾠFlux:	
 ﾠ1)	
 ﾠ94_sel;	
 ﾠ2)	
 ﾠ327;	
 ﾠ3)	
 ﾠ327_Sel;	
 ﾠ
4)	
 ﾠ380_R;	
 ﾠ5)	
 ﾠ385_Sel;	
 ﾠ6)	
 ﾠ390_RXHT;	
 ﾠ7)	
 ﾠ396_DRM	
 ﾠ
7.3.1.8  SEM	
 ﾠanalysis	
 ﾠ
Figure	
 ﾠ53	
 ﾠshows	
 ﾠa	
 ﾠSEM	
 ﾠanalysis	
 ﾠof	
 ﾠthe	
 ﾠcapacitor	
 ﾠcontaminated	
 ﾠwith	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠof	
 ﾠglutaric	
 ﾠacid.	
 ﾠTwo	
 ﾠ
magnifications	
 ﾠhave	
 ﾠbeen	
 ﾠdone:	
 ﾠone	
 ﾠof	
 ﾠthe	
 ﾠwither	
 ﾠdendrite	
 ﾠthe	
 ﾠother	
 ﾠof	
 ﾠthe	
 ﾠdarker	
 ﾠone.	
 ﾠAs	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠ
to	
 ﾠnotice	
 ﾠthe	
 ﾠwhite	
 ﾠone	
 ﾠhas	
 ﾠmore	
 ﾠbranches	
 ﾠof	
 ﾠthinner	
 ﾠdendrites	
 ﾠwhile	
 ﾠthe	
 ﾠblack	
 ﾠone	
 ﾠis	
 ﾠless	
 ﾠbranched	
 ﾠbut	
 ﾠ
the	
 ﾠdendrites	
 ﾠare	
 ﾠthicker.	
 ﾠ
	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ53	
 ﾠSEM	
 ﾠanalysis	
 ﾠof	
 ﾠa	
 ﾠ0805	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠof	
 ﾠglutaric	
 ﾠacid	
 ﾠ
	
 ﾠ 	
 ﾠ
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An	
 ﾠEDX	
 ﾠanalysis	
 ﾠof	
 ﾠthese	
 ﾠspots	
 ﾠ(Figure	
 ﾠ54	
 ﾠand	
 ﾠTable	
 ﾠ14)	
 ﾠreveals	
 ﾠthat	
 ﾠthe	
 ﾠdendrites	
 ﾠare	
 ﾠmainly	
 ﾠformed	
 ﾠon	
 ﾠ
tin.	
 ﾠAdditional	
 ﾠelement	
 ﾠlike	
 ﾠTi,	
 ﾠAg,	
 ﾠO,	
 ﾠNd	
 ﾠand	
 ﾠBi	
 ﾠ(Spectrum	
 ﾠ1)	
 ﾠwere	
 ﾠidentified	
 ﾠin	
 ﾠthe	
 ﾠbody	
 ﾠof	
 ﾠmultilayer	
 ﾠ
chip	
 ﾠcapacitor	
 ﾠas	
 ﾠthey	
 ﾠare	
 ﾠcommonly	
 ﾠemployed	
 ﾠfor	
 ﾠthe	
 ﾠproduction.	
 ﾠA	
 ﾠpart	
 ﾠfrom	
 ﾠthis	
 ﾠit	
 ﾠis	
 ﾠnot	
 ﾠpossible	
 ﾠto	
 ﾠ
draw	
 ﾠsignificant	
 ﾠconclusion	
 ﾠon	
 ﾠthe	
 ﾠcomposition	
 ﾠof	
 ﾠthe	
 ﾠbackbones	
 ﾠof	
 ﾠthe	
 ﾠdarker	
 ﾠand	
 ﾠwither	
 ﾠdendrite.	
 ﾠThe	
 ﾠ
formation	
 ﾠof	
 ﾠhydroxides	
 ﾠis,	
 ﾠhowever,	
 ﾠvery	
 ﾠlikely.	
 ﾠ
	
 ﾠ
A 	
 ﾠ
Figure	
 ﾠ54	
 ﾠEDX	
 ﾠanalysis	
 ﾠof	
 ﾠdendrites	
 ﾠon	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠglutaric	
 ﾠacid	
 ﾠ
	
 ﾠ
Table	
 ﾠ14	
 ﾠEDX	
 ﾠspectrum	
 ﾠof	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠglutaric	
 ﾠacid	
 ﾠ
Spectrum  In stats.  O  Ti  Ag  Sn  Nd  Bi  Total 
                  
1  Yes  14.0  22.4  3.0  31.6  23.4  5.6  100.0 
2  Yes  9.7  12.4    65.4  12.4    100.0 
3  Yes  10.2  5.5    78.9  5.4    100.0 
Max. 
  14.0  22.4  3.0  78.9  23.4  5.6   
Min. 
  9.7  5.5  3.0  31.6  5.4  5.6   
	
 ﾠ
Another	
 ﾠEDX	
 ﾠanalysis	
 ﾠhas	
 ﾠbeen	
 ﾠcarried	
 ﾠout	
 ﾠon	
 ﾠthe	
 ﾠanode	
 ﾠof	
 ﾠthe	
 ﾠchip	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ
327_Sel	
 ﾠSolder	
 ﾠFlux.	
 ﾠAs	
 ﾠpreviously	
 ﾠobserved	
 ﾠthe	
 ﾠanode	
 ﾠwas	
 ﾠdegraded	
 ﾠand	
 ﾠthe	
 ﾠsurface	
 ﾠwas	
 ﾠnot	
 ﾠmore	
 ﾠ
metallic	
 ﾠgrey	
 ﾠbut	
 ﾠcolored.	
 ﾠThe	
 ﾠresults	
 ﾠare	
 ﾠpresented	
 ﾠin	
 ﾠTable	
 ﾠ15and	
 ﾠFigure	
 ﾠ55.	
 ﾠThe	
 ﾠpresence	
 ﾠof	
 ﾠoxygen	
 ﾠ
and	
 ﾠtin	
 ﾠ(spectrum	
 ﾠ1)	
 ﾠon	
 ﾠthe	
 ﾠanode	
 ﾠis	
 ﾠan	
 ﾠindicator	
 ﾠthat	
 ﾠthe	
 ﾠterminal	
 ﾠunderwent	
 ﾠsevere	
 ﾠcorrosion	
 ﾠwhich	
 ﾠ
inhibit	
 ﾠthe	
 ﾠECM	
 ﾠprocess,	
 ﾠas	
 ﾠno	
 ﾠmigration	
 ﾠoccurred.	
 ﾠIt	
 ﾠis,	
 ﾠindeed,	
 ﾠknown	
 ﾠthat	
 ﾠtin	
 ﾠcan	
 ﾠprecipitate	
 ﾠas	
 ﾠan	
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oxide	
 ﾠ(casserite	
 ﾠSnO2),	
 ﾠpreventing	
 ﾠthe	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠto	
 ﾠhappen.	
 ﾠThe	
 ﾠEDX	
 ﾠanalysis	
 ﾠof	
 ﾠthis	
 ﾠ
component	
 ﾠwas	
 ﾠexpected	
 ﾠto	
 ﾠshow	
 ﾠtraces	
 ﾠof	
 ﾠCu	
 ﾠas	
 ﾠit	
 ﾠis	
 ﾠthe	
 ﾠmetal	
 ﾠlayer	
 ﾠunder	
 ﾠSn,instead	
 ﾠno	
 ﾠtraces	
 ﾠof	
 ﾠthis	
 ﾠ
element	
 ﾠwere	
 ﾠfound.	
 ﾠ
	
 ﾠ
	
 ﾠ
Figure	
 ﾠ55	
 ﾠEDX	
 ﾠanalysis	
 ﾠof	
 ﾠthe	
 ﾠtin	
 ﾠterminal	
 ﾠof	
 ﾠthe	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ327_Sel	
 ﾠ
	
 ﾠ
Table	
 ﾠ15	
 ﾠEDX	
 ﾠspectrum	
 ﾠof	
 ﾠthe	
 ﾠtin	
 ﾠterminal	
 ﾠof	
 ﾠthe	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ327_Sel	
 ﾠ
Spectrum  In stats.  O  Ti  Sn  Total 
1  Yes  12.4    87.6  100.0 
2  Yes  13.4  9.9  76.7  100.0 
Max.    13.4  9.9  87.6   
Min.     12.4  9.9  76.7    
	
 ﾠ
	
 ﾠ
7.3.2  Possible	
 ﾠimplications	
 ﾠon	
 ﾠPCBA	
 ﾠmanufacturing	
 ﾠ
The	
 ﾠtype	
 ﾠof	
 ﾠacid	
 ﾠwhich	
 ﾠplays	
 ﾠthe	
 ﾠactivator	
 ﾠin	
 ﾠa	
 ﾠsolder	
 ﾠflux	
 ﾠsystem	
 ﾠhas	
 ﾠa	
 ﾠgreat	
 ﾠimpact	
 ﾠon	
 ﾠthe	
 ﾠclimatic	
 ﾠ
reliability	
 ﾠof	
 ﾠa	
 ﾠPCBA.	
 ﾠAs	
 ﾠseen,	
 ﾠthe	
 ﾠsuccinic	
 ﾠacid	
 ﾠitself,	
 ﾠunder	
 ﾠhumid	
 ﾠcondition	
 ﾠeases	
 ﾠthe	
 ﾠdeposition	
 ﾠand	
 ﾠ
thus	
 ﾠ the	
 ﾠ electrochemical	
 ﾠ migration,	
 ﾠ compromising	
 ﾠ the	
 ﾠ functioning	
 ﾠ of	
 ﾠ electronic	
 ﾠ devices.	
 ﾠ Therefore	
 ﾠ
solder	
 ﾠ flux	
 ﾠ systems	
 ﾠ containing	
 ﾠ succinic	
 ﾠ acid	
 ﾠ as	
 ﾠ activator	
 ﾠ might	
 ﾠ be	
 ﾠ more	
 ﾠ hazardous	
 ﾠ to	
 ﾠ the	
 ﾠ climatic	
 ﾠ
reliability,	
 ﾠespecially	
 ﾠunder	
 ﾠfull-ﾭ‐condensing	
 ﾠconditions.	
 ﾠAs	
 ﾠseen	
 ﾠthe	
 ﾠECM	
 ﾠunder	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠthis	
 ﾠacid	
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could	
 ﾠhappen	
 ﾠwithin	
 ﾠ100s	
 ﾠand,	
 ﾠalthough	
 ﾠfull	
 ﾠcondensation	
 ﾠcondition	
 ﾠin	
 ﾠa	
 ﾠreal	
 ﾠlife	
 ﾠsituation	
 ﾠmay	
 ﾠnot	
 ﾠbe	
 ﾠ
the	
 ﾠmost	
 ﾠfrequent,	
 ﾠcan	
 ﾠlead	
 ﾠto	
 ﾠmalfunctioning	
 ﾠin	
 ﾠa	
 ﾠshort	
 ﾠperiod	
 ﾠof	
 ﾠtime.	
 ﾠ
7.3.3  Conclusion	
 ﾠ
From	
 ﾠthe	
 ﾠprevious	
 ﾠresults	
 ﾠthe	
 ﾠfollowing	
 ﾠconclusion	
 ﾠcan	
 ﾠbe	
 ﾠdrawn:	
 ﾠ
•  The	
 ﾠsuccinic	
 ﾠacid	
 ﾠis	
 ﾠthe	
 ﾠone	
 ﾠwhich	
 ﾠshowed	
 ﾠthe	
 ﾠhighest	
 ﾠpercentage	
 ﾠ(72.2	
 ﾠ%)	
 ﾠof	
 ﾠECM	
 ﾠprobability	
 ﾠ
between	
 ﾠ the	
 ﾠ WOAs.	
 ﾠ 327	
 ﾠ solder	
 ﾠ flux	
 ﾠ system	
 ﾠ induced	
 ﾠ more	
 ﾠ component	
 ﾠ failures	
 ﾠ (77.8	
 ﾠ %)	
 ﾠ
compared	
 ﾠto	
 ﾠall	
 ﾠthe	
 ﾠtested	
 ﾠsolutions.	
 ﾠ
•  No	
 ﾠmigration	
 ﾠwas	
 ﾠrecorded	
 ﾠfor	
 ﾠadipic	
 ﾠacid	
 ﾠand	
 ﾠ385_sel	
 ﾠflux	
 ﾠresidues.	
 ﾠ
•  The	
 ﾠpresence	
 ﾠof	
 ﾠchloride	
 ﾠin	
 ﾠ327	
 ﾠand	
 ﾠ380-ﾭ‐R	
 ﾠgreatly	
 ﾠenhances	
 ﾠECM.	
 ﾠIts	
 ﾠpresence	
 ﾠis	
 ﾠmuch	
 ﾠmore	
 ﾠ
relevant	
 ﾠthan	
 ﾠthe	
 ﾠkind	
 ﾠof	
 ﾠacid	
 ﾠcontained	
 ﾠin	
 ﾠthe	
 ﾠsolder	
 ﾠflux.	
 ﾠThe	
 ﾠreasons	
 ﾠfor	
 ﾠECM	
 ﾠpromotion	
 ﾠhave	
 ﾠ
been	
 ﾠpreviously	
 ﾠexplained.	
 ﾠ
•  An	
 ﾠacid	
 ﾠnumber	
 ﾠaround	
 ﾠ29	
 ﾠtogether	
 ﾠwith	
 ﾠan	
 ﾠacid	
 ﾠcontent	
 ﾠaround	
 ﾠ15	
 ﾠppm	
 ﾠseem	
 ﾠto	
 ﾠenhance	
 ﾠECM.	
 ﾠ
Lower	
 ﾠvalues	
 ﾠhave	
 ﾠless	
 ﾠinfluence	
 ﾠon	
 ﾠthe	
 ﾠprocess,	
 ﾠwhereas	
 ﾠhigher	
 ﾠvalues	
 ﾠlead	
 ﾠto	
 ﾠa	
 ﾠhigh	
 ﾠrate	
 ﾠof	
 ﾠ
corrosion	
 ﾠof	
 ﾠthe	
 ﾠanode	
 ﾠwhich	
 ﾠprevails	
 ﾠagainst	
 ﾠelectrochemical	
 ﾠmigration	
 ﾠ
•  Solder	
 ﾠfluxes	
 ﾠ94_sel	
 ﾠand	
 ﾠ327_sel	
 ﾠenhance	
 ﾠanode	
 ﾠcorrosion	
 ﾠbut	
 ﾠnot	
 ﾠECM	
 ﾠ
•  SEM	
 ﾠanalysis	
 ﾠrevealed	
 ﾠa	
 ﾠhigher	
 ﾠthickness	
 ﾠof	
 ﾠthe	
 ﾠblack	
 ﾠdendrites	
 ﾠclose	
 ﾠto	
 ﾠthe	
 ﾠanode	
 ﾠcompared	
 ﾠto	
 ﾠ
the	
 ﾠwhiter	
 ﾠone	
 ﾠalong	
 ﾠthe	
 ﾠbody.	
 ﾠThrough	
 ﾠEDX	
 ﾠanalysis	
 ﾠwas,	
 ﾠhowever,	
 ﾠnot	
 ﾠpossible	
 ﾠto	
 ﾠhave	
 ﾠa	
 ﾠclear	
 ﾠ
comprehension	
 ﾠof	
 ﾠthe	
 ﾠpossible	
 ﾠdifferent	
 ﾠcomposition	
 ﾠof	
 ﾠthe	
 ﾠdendrites.	
 ﾠ
•  Traces	
 ﾠof	
 ﾠoxygen	
 ﾠhave	
 ﾠbeen	
 ﾠrecorded	
 ﾠon	
 ﾠthe	
 ﾠanode	
 ﾠof	
 ﾠthe	
 ﾠcomponent	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ
327_sel	
 ﾠsolder	
 ﾠflux.	
 ﾠThe	
 ﾠanode	
 ﾠhas	
 ﾠbeen	
 ﾠseverely	
 ﾠcorroded	
 ﾠand	
 ﾠno	
 ﾠmigration	
 ﾠwas	
 ﾠnoticed.	
 ﾠ
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7.4  Effect	
 ﾠof	
 ﾠWOAs	
 ﾠresidues	
 ﾠon	
 ﾠSIR	
 ﾠpattern	
 ﾠunder	
 ﾠnon-ﾭ‐condensing	
 ﾠconditions	
 ﾠ
In	
 ﾠthis	
 ﾠsection	
 ﾠthe	
 ﾠresults	
 ﾠof	
 ﾠthe	
 ﾠinvestigation	
 ﾠon	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠWOA	
 ﾠresidues	
 ﾠon	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠ
using	
 ﾠan	
 ﾠSIR	
 ﾠpattern	
 ﾠis	
 ﾠpresented.	
 ﾠLeakage	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠhave	
 ﾠbeen	
 ﾠcarried	
 ﾠout	
 ﾠon	
 ﾠreflow	
 ﾠ
soldered	
 ﾠSIR	
 ﾠpattern	
 ﾠon	
 ﾠthe	
 ﾠCELCORR	
 ﾠtest	
 ﾠPCB	
 ﾠsetup	
 ﾠbiased	
 ﾠat	
 ﾠ5	
 ﾠV	
 ﾠpotential	
 ﾠand	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ
four	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠthe	
 ﾠpreviously	
 ﾠintroduced	
 ﾠ(Chapter	
 ﾠ5.1)	
 ﾠweak	
 ﾠorganic	
 ﾠacids.	
 ﾠThe	
 ﾠwhole	
 ﾠ
setup	
 ﾠwas	
 ﾠplaced	
 ﾠinside	
 ﾠthe	
 ﾠclimatic	
 ﾠchamber	
 ﾠdescribed	
 ﾠin	
 ﾠChapter	
 ﾠ5.7.1	
 ﾠand	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠflowing	
 ﾠ
through	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠdifferent	
 ﾠconcentrations	
 ﾠof	
 ﾠWOAs	
 ﾠhas	
 ﾠbeen	
 ﾠrecorded	
 ﾠ
with	
 ﾠ“BioLogic	
 ﾠVSP”	
 ﾠpotentiostat.	
 ﾠ
The	
 ﾠtemperature	
 ﾠinside	
 ﾠthe	
 ﾠchamber	
 ﾠwas	
 ﾠkept	
 ﾠconstant	
 ﾠat	
 ﾠT=25	
 ﾠ°C	
 ﾠand	
 ﾠthe	
 ﾠRH	
 ﾠhumidity	
 ﾠwere	
 ﾠincreased	
 ﾠ
from	
 ﾠ40	
 ﾠ%	
 ﾠto	
 ﾠ98	
 ﾠ%	
 ﾠwith	
 ﾠstep	
 ﾠincrease	
 ﾠof	
 ﾠ5	
 ﾠ%	
 ﾠevery	
 ﾠtwo	
 ﾠhours.	
 ﾠThe	
 ﾠexperiment	
 ﾠwas	
 ﾠleft	
 ﾠrunning	
 ﾠfor	
 ﾠ26	
 ﾠ
hours.	
 ﾠ
7.4.1  Results	
 ﾠand	
 ﾠdiscussion	
 ﾠ
7.4.1.1  Leakage	
 ﾠcurrent	
 ﾠfrom	
 ﾠSIR	
 ﾠpattern:	
 ﾠeffect	
 ﾠof	
 ﾠRH	
 ﾠand	
 ﾠcontamination	
 ﾠ
	
 ﾠIt	
 ﾠwas	
 ﾠdiscussed	
 ﾠin	
 ﾠChapter	
 ﾠ4	
 ﾠhow	
 ﾠthe	
 ﾠsynergistic	
 ﾠinfluence	
 ﾠof	
 ﾠionic	
 ﾠcontamination	
 ﾠtogether	
 ﾠwith	
 ﾠthe	
 ﾠ
effect	
 ﾠof	
 ﾠRH	
 ﾠexerts	
 ﾠa	
 ﾠsignificant	
 ﾠimpact	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠPCBA.	
 ﾠDifferent	
 ﾠconcentrations,	
 ﾠstarting	
 ﾠfrom	
 ﾠ
the	
 ﾠones	
 ﾠwhich	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠas	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠsodium	
 ﾠchloride	
 ﾠ(Chapter7.2.2),	
 ﾠwere	
 ﾠ
tested	
 ﾠ at	
 ﾠ increasing	
 ﾠ humidity	
 ﾠ level.	
 ﾠ These	
 ﾠ were	
 ﾠ then	
 ﾠ doubled	
 ﾠ and	
 ﾠ tripled	
 ﾠ in	
 ﾠ order	
 ﾠ to	
 ﾠ achieve	
 ﾠ
electrochemical	
 ﾠmigration;	
 ﾠan	
 ﾠadditional	
 ﾠconcentration	
 ﾠof	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠwas	
 ﾠinvestigated	
 ﾠas	
 ﾠthe	
 ﾠhigh	
 ﾠlevel	
 ﾠ
concentration.	
 ﾠThe	
 ﾠresults	
 ﾠof	
 ﾠthese	
 ﾠexperiments	
 ﾠare	
 ﾠpresented	
 ﾠin	
 ﾠFigure	
 ﾠ56.	
 ﾠ
	
 ﾠGlutaric	
 ﾠacid	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠshowed	
 ﾠno	
 ﾠsignificant	
 ﾠincrease	
 ﾠin	
 ﾠLC	
 ﾠcurrent	
 ﾠfor	
 ﾠrelative	
 ﾠhumidity	
 ﾠbelow	
 ﾠ65	
 ﾠ
%,	
 ﾠabove	
 ﾠwhich	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠstart	
 ﾠto	
 ﾠrise	
 ﾠfor	
 ﾠall	
 ﾠconcentrations.	
 ﾠSimilar	
 ﾠbehavior	
 ﾠis	
 ﾠrecorded	
 ﾠfor	
 ﾠ
the	
 ﾠsuccinic	
 ﾠacid	
 ﾠbelow	
 ﾠ80	
 ﾠ%	
 ﾠRH	
 ﾠand	
 ﾠadipic	
 ﾠacid	
 ﾠbelow	
 ﾠ90	
 ﾠ%	
 ﾠ	
 ﾠRH.	
 ﾠGlutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠshow	
 ﾠa	
 ﾠmore	
 ﾠ
consistent	
 ﾠincrease	
 ﾠabove	
 ﾠ65%	
 ﾠwith	
 ﾠalmost	
 ﾠone	
 ﾠdecade	
 ﾠincrease	
 ﾠevery	
 ﾠ10	
 ﾠ%	
 ﾠincrement	
 ﾠof	
 ﾠRH,	
 ﾠwhereas	
 ﾠ
succinic	
 ﾠand	
 ﾠadipic	
 ﾠacid	
 ﾠare	
 ﾠless	
 ﾠsensitive	
 ﾠto	
 ﾠthese	
 ﾠchanges.	
 ﾠBelow	
 ﾠthese	
 ﾠcritical	
 ﾠvalues,	
 ﾠthe	
 ﾠbase	
 ﾠcurrent	
 ﾠ
for	
 ﾠall	
 ﾠthe	
 ﾠacids	
 ﾠand	
 ﾠconcentrations	
 ﾠhas	
 ﾠa	
 ﾠsimilar	
 ﾠvalue	
 ﾠand	
 ﾠit	
 ﾠis	
 ﾠonly	
 ﾠabove	
 ﾠthem	
 ﾠthat	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠ
different	
 ﾠconcentrations	
 ﾠstarts	
 ﾠto	
 ﾠdifferentiate:	
 ﾠthe	
 ﾠhigher	
 ﾠthe	
 ﾠconcentration	
 ﾠis,	
 ﾠthe	
 ﾠsteeper	
 ﾠthe	
 ﾠcurve	
 ﾠ
becomes.	
 ﾠThus	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠrecorded	
 ﾠat	
 ﾠa	
 ﾠspecific	
 ﾠRH	
 ﾠlevel	
 ﾠis	
 ﾠhigher	
 ﾠthe	
 ﾠmore	
 ﾠconcentrated	
 ﾠthe	
 ﾠ
solution	
 ﾠis,	
 ﾠand	
 ﾠgreater	
 ﾠis	
 ﾠthe	
 ﾠrate	
 ﾠof	
 ﾠraise.	
 ﾠ
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 ﾠ
Figure	
 ﾠ56	
 ﾠEffect	
 ﾠof	
 ﾠRH	
 ﾠon	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠfrom	
 ﾠSIR	
 ﾠpattern	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠdifferent	
 ﾠconcentration	
 ﾠof	
 ﾠWOAs	
 ﾠ
Electrochemical	
 ﾠmigration	
 ﾠis	
 ﾠrecorded	
 ﾠfor	
 ﾠglutaric	
 ﾠacid	
 ﾠat	
 ﾠ12,	
 ﾠ18	
 ﾠand	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠabove	
 ﾠ90	
 ﾠ%	
 ﾠRH.	
 ﾠMalic	
 ﾠ
acid	
 ﾠshowed	
 ﾠmigration	
 ﾠat	
 ﾠconcentrations	
 ﾠof	
 ﾠ6	
 ﾠand	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠwhile	
 ﾠsuccinic	
 ﾠacid	
 ﾠonly	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2.	
 ﾠ
ECM	
 ﾠoccurred	
 ﾠfor	
 ﾠmalic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠafter	
 ﾠthe	
 ﾠRH	
 ﾠof	
 ﾠthe	
 ﾠchamber	
 ﾠreached	
 ﾠ98%	
 ﾠRH.	
 ﾠThis	
 ﾠcan	
 ﾠbe	
 ﾠ
noticed	
 ﾠon	
 ﾠthe	
 ﾠgraph	
 ﾠby	
 ﾠsudden	
 ﾠpeaks	
 ﾠon	
 ﾠthe	
 ﾠcurves	
 ﾠwhich	
 ﾠrefer	
 ﾠto	
 ﾠabrupt	
 ﾠcurrent	
 ﾠleakages	
 ﾠthrough	
 ﾠthe	
 ﾠ
dendrites.	
 ﾠAdipic	
 ﾠacid	
 ﾠdid	
 ﾠnot	
 ﾠshow	
 ﾠany	
 ﾠmigration	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠconcentrations.	
 ﾠ
7.4.1.2  Surface	
 ﾠmorphology	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠafter	
 ﾠmigration	
 ﾠ
Figure	
 ﾠ57shows	
 ﾠthe	
 ﾠECM	
 ﾠappearance	
 ﾠon	
 ﾠSIR	
 ﾠpattern	
 ﾠfor	
 ﾠglutaric,	
 ﾠmalic	
 ﾠand	
 ﾠsuccinic	
 ﾠsolutions	
 ﾠat	
 ﾠ100	
 ﾠ
μg/cm
2.	
 ﾠ
From	
 ﾠthe	
 ﾠpictures,	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠdifferences	
 ﾠbetween	
 ﾠthe	
 ﾠmorphology	
 ﾠof	
 ﾠthe	
 ﾠdendrites,	
 ﾠ
grown	
 ﾠunder	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠ(pictures	
 ﾠ1	
 ﾠand	
 ﾠ2)	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠ(picture	
 ﾠ3).	
 ﾠFor	
 ﾠthe	
 ﾠ
first	
 ﾠtwo	
 ﾠWOAs,	
 ﾠthe	
 ﾠdendrites	
 ﾠlook	
 ﾠdarker	
 ﾠand	
 ﾠthicker	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠthird	
 ﾠone,	
 ﾠwhere	
 ﾠthe	
 ﾠdendrites	
 ﾠ
are	
 ﾠthinner	
 ﾠand	
 ﾠbranched.	
 ﾠWhen	
 ﾠthe	
 ﾠdendrite	
 ﾠgrows	
 ﾠthicker,	
 ﾠmore	
 ﾠcurrent	
 ﾠcan	
 ﾠflow	
 ﾠthrough	
 ﾠit.	
 ﾠThis	
 ﾠcan	
 ﾠ
be	
 ﾠ noticed	
 ﾠ in	
 ﾠ the	
 ﾠ higher	
 ﾠ current	
 ﾠ level	
 ﾠ reached	
 ﾠ for	
 ﾠ the	
 ﾠ glutaric	
 ﾠ and	
 ﾠ malic	
 ﾠ solution	
 ﾠ at	
 ﾠ 100	
 ﾠ μg/cm
2	
 ﾠ
compared	
 ﾠto	
 ﾠthe	
 ﾠsuccinic	
 ﾠsolution	
 ﾠat	
 ﾠthe	
 ﾠsame	
 ﾠconcentration.	
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Figure	
 ﾠ57	
 ﾠSurface	
 ﾠmorphology	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern;	
 ﾠ1)	
 ﾠglutaric	
 ﾠacid	
 ﾠ100	
 ﾠμg/cm
2;	
 ﾠ2)	
 ﾠmalic	
 ﾠacid	
 ﾠ100	
 ﾠμg/cm
2;	
 ﾠ3)	
 ﾠsuccinic	
 ﾠacid	
 ﾠ100	
 ﾠ
μg/cm
2	
 ﾠ
A	
 ﾠcommon	
 ﾠfeature	
 ﾠof	
 ﾠthe	
 ﾠdendrite	
 ﾠformation	
 ﾠwas	
 ﾠthat	
 ﾠit	
 ﾠalways	
 ﾠformed	
 ﾠat	
 ﾠthe	
 ﾠedges	
 ﾠof	
 ﾠthe	
 ﾠSir	
 ﾠpattern.	
 ﾠ	
 ﾠ
This	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat	
 ﾠthe	
 ﾠcurrent	
 ﾠdensity	
 ﾠis	
 ﾠhigher	
 ﾠat	
 ﾠthe	
 ﾠedges	
 ﾠand	
 ﾠtips	
 ﾠdue	
 ﾠto	
 ﾠdifferent	
 ﾠohmic	
 ﾠ
voltage	
 ﾠdrops	
 ﾠbetween	
 ﾠdifferent	
 ﾠpoints[56].	
 ﾠ	
 ﾠThis	
 ﾠgreater	
 ﾠcurrent	
 ﾠdensity	
 ﾠwill	
 ﾠattracts	
 ﾠmore	
 ﾠmetal	
 ﾠions,	
 ﾠ
increasing	
 ﾠtheir	
 ﾠdeposition	
 ﾠon	
 ﾠthose	
 ﾠpoints.	
 ﾠ	
 ﾠ	
 ﾠ
7.4.1.3  Different	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠvarious	
 ﾠWOAs	
 ﾠat	
 ﾠfix	
 ﾠconcentrations	
 ﾠ
Figure	
 ﾠ 58	
 ﾠ shows	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ WOA	
 ﾠ on	
 ﾠ leakage	
 ﾠ current	
 ﾠ on	
 ﾠ SIR	
 ﾠ pattern	
 ﾠ with	
 ﾠ various	
 ﾠ curves	
 ﾠ plotted	
 ﾠ
together	
 ﾠ for	
 ﾠ various	
 ﾠ acids	
 ﾠ with	
 ﾠ similar	
 ﾠ concentrations	
 ﾠ providing	
 ﾠ same	
 ﾠ conductivity.	
 ﾠ For	
 ﾠ example	
 ﾠ in	
 ﾠ
Figure	
 ﾠ58	
 ﾠ(a),	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠ1.56	
 ﾠµg/cm2	
 ﾠNaCl	
 ﾠis	
 ﾠsimilar	
 ﾠto	
 ﾠ7	
 ﾠ	
 ﾠµg/cm
2	
 ﾠof	
 ﾠadipic	
 ﾠacid,	
 ﾠ6	
 ﾠµg/cm
2of	
 ﾠ
glutaric,	
 ﾠ 3	
 ﾠ µg/cm
2of	
 ﾠ malic,	
 ﾠ and	
 ﾠ to	
 ﾠ 2	
 ﾠ µg/cm
2of	
 ﾠ succinic.	
 ﾠ In	
 ﾠ picture	
 ﾠ (b)	
 ﾠ and	
 ﾠ (c),	
 ﾠ the	
 ﾠ equivalent	
 ﾠ WOA	
 ﾠ
concentrations	
 ﾠ are	
 ﾠ doubled	
 ﾠ and	
 ﾠ tripled.	
 ﾠ And	
 ﾠ Figure	
 ﾠ XX	
 ﾠ (d)	
 ﾠ shows	
 ﾠ the	
 ﾠ curves	
 ﾠ for	
 ﾠ all	
 ﾠ acids	
 ﾠ with	
 ﾠ a	
 ﾠ
concentration	
 ﾠ of	
 ﾠ 100	
 ﾠ µg/cm
2.	
 ﾠ Using	
 ﾠ equivalent	
 ﾠ concentrations	
 ﾠ will	
 ﾠ allow	
 ﾠ comparison	
 ﾠ of	
 ﾠ acid	
 ﾠ
contaminations	
 ﾠhaving	
 ﾠsame	
 ﾠNaCl	
 ﾠequivalent,	
 ﾠwhile	
 ﾠstudying	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠleakage	
 ﾠcurrent.	
 ﾠ	
 ﾠ
Focusing	
 ﾠon	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentration	
 ﾠcurves	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthat	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠhas	
 ﾠa	
 ﾠ
similar	
 ﾠvalue	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠacids	
 ﾠin	
 ﾠgeneral	
 ﾠbelow	
 ﾠ75%	
 ﾠRH.	
 ﾠWhen	
 ﾠthe	
 ﾠhumidity	
 ﾠlevel	
 ﾠovertakes	
 ﾠ≈75%,	
 ﾠNaCl	
 ﾠ
starts	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture	
 ﾠfrom	
 ﾠthe	
 ﾠenvironment,	
 ﾠas	
 ﾠit	
 ﾠreaches	
 ﾠits	
 ﾠcRH.	
 ﾠThis	
 ﾠis	
 ﾠfollowed	
 ﾠby	
 ﾠan	
 ﾠincrease	
 ﾠof	
 ﾠ
the	
 ﾠleakage	
 ﾠcurrent	
 ﾠon	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠsodium	
 ﾠchloride.	
 ﾠ
The	
 ﾠLC	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠcontaminated	
 ﾠwith	
 ﾠglutaric	
 ﾠand	
 ﾠthe	
 ﾠsuccinic	
 ﾠacid	
 ﾠstarts	
 ﾠto	
 ﾠrise	
 ﾠabove	
 ﾠ≈	
 ﾠ65%	
 ﾠand	
 ﾠ
≈80	
 ﾠ%	
 ﾠRH	
 ﾠrespectively.	
 ﾠTheir	
 ﾠcurrent	
 ﾠincreases	
 ﾠreaching	
 ﾠvalues	
 ﾠapprox.	
 ﾠ	
 ﾠthe	
 ﾠsame	
 ﾠorder	
 ﾠas	
 ﾠNaCl.	
 ﾠ
	
 ﾠOnly	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠshows	
 ﾠan	
 ﾠalmost	
 ﾠconstant	
 ﾠincrease	
 ﾠof	
 ﾠLC	
 ﾠfrom	
 ﾠthe	
 ﾠstarting	
 ﾠpoint	
 ﾠof	
 ﾠthe	
 ﾠexperiment,	
 ﾠ
always	
 ﾠdisplaying	
 ﾠa	
 ﾠhigher	
 ﾠcurrent	
 ﾠvalue.	
 ﾠThe	
 ﾠadipic	
 ﾠacid	
 ﾠat	
 ﾠ7	
 ﾠµg/cm
2,	
 ﾠon	
 ﾠthe	
 ﾠother	
 ﾠside,	
 ﾠdoes	
 ﾠnot	
 ﾠshow	
 ﾠ
relevant	
 ﾠincrement	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠduring	
 ﾠthe	
 ﾠwhole	
 ﾠexperiment.	
 ﾠ
By	
 ﾠ doubling	
 ﾠ and	
 ﾠ tripling	
 ﾠ the	
 ﾠ concentration	
 ﾠ of	
 ﾠ WOA,	
 ﾠ the	
 ﾠ behavior	
 ﾠ of	
 ﾠ the	
 ﾠ WOA	
 ﾠ to	
 ﾠ leakage	
 ﾠ current	
 ﾠ
becomes	
 ﾠclearer,	
 ﾠwith	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic,	
 ﾠgiving	
 ﾠmigration	
 ﾠas	
 ﾠsoon	
 ﾠas	
 ﾠthe	
 ﾠconcentration	
 ﾠis	
 ﾠdoubled.	
 ﾠ	
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 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
	
 ﾠ
95	
 ﾠ
Danmark	
 ﾠTekniske	
 ﾠUniversitet	
 ﾠ–	
 ﾠUniversità	
 ﾠdegli	
 ﾠStudi	
 ﾠdi	
 ﾠPadova	
 ﾠ
0 5 10 15 20 25 30
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
1E-6
1E-5
1E-4
1E-3
0,01
0,1
1
10
0 5 10 15 20 25 30
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
0 5 10 15 20 25 30
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
0 5 10 15 20 25 30
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
40   60    70      80       90          98 40   60    70      80       90          98
40   60    70      80       90          98
 
 
I
 
(
m
A
)
time (s)
 Glutaric 6 ug/cm^2
 Adipic 7 ug/cm^2
 Malic 3 ug/cm^2
 Succinic 2 ug/cm^2
 NaCl 1,56 ug/cm^2
40   60    70      80       90          98 a)
d)
a)
b)  
 
 
time (s)
 Glutaric 12 ug/cm^2
 Adipic 14 ug/cm^2
 Malic 6 ug/cm^2
 Succinic 4 ug/cm^2
c)
RH (%) RH (%)
RH (%)
 
 
I
 
(
m
A
)
time (s)
 Glutaric 18 ug/cm^2
 Adipic 21 ug/cm^2
 Malic 9 ug/cm^2
 Succinic 6 ug/cm^2
RH (%)
 
 
time (s)
 Glutaric 100 ug/cm^2
 Adipic100 ug/cm^2
 Malic100 ug/cm^2
 Succinic100 ug/cm^2
	
 ﾠ
Figure	
 ﾠ58	
 ﾠComparison	
 ﾠof	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠdifferent	
 ﾠWOAs	
 ﾠat	
 ﾠfix	
 ﾠconcentrations	
 ﾠ
7.4.1.4  Influence	
 ﾠof	
 ﾠthe	
 ﾠhygroscopic	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠ
The	
 ﾠ different	
 ﾠ behavior	
 ﾠ of	
 ﾠ the	
 ﾠ WOAs	
 ﾠ towards	
 ﾠ relative	
 ﾠ humidity	
 ﾠ might	
 ﾠ be	
 ﾠ explained	
 ﾠ by	
 ﾠ the	
 ﾠ diverse	
 ﾠ
hydroscopic	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠacids,	
 ﾠinvestigated	
 ﾠby	
 ﾠSohn	
 ﾠet	
 ﾠal.	
 ﾠand	
 ﾠintroduced	
 ﾠin	
 ﾠChapter	
 ﾠ6.	
 ﾠ
As	
 ﾠ evidenced	
 ﾠ by	
 ﾠ the	
 ﾠ relatively	
 ﾠ higher	
 ﾠ solubility	
 ﾠ of	
 ﾠ the	
 ﾠ glutaric	
 ﾠ and	
 ﾠ malic	
 ﾠ acid	
 ﾠ (639	
 ﾠ and	
 ﾠ 558	
 ﾠ g/l	
 ﾠ
respectively)	
 ﾠin	
 ﾠwater	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠadipic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠ(14	
 ﾠand	
 ﾠ80	
 ﾠg/l	
 ﾠrespectively),	
 ﾠthe	
 ﾠacid	
 ﾠ
residues	
 ﾠfrom	
 ﾠthe	
 ﾠfirst	
 ﾠtwo	
 ﾠacids	
 ﾠshould	
 ﾠbe	
 ﾠmore	
 ﾠhydrophilic.	
 ﾠ
The	
 ﾠabsorption	
 ﾠof	
 ﾠwater	
 ﾠwill	
 ﾠthus	
 ﾠbe	
 ﾠhigher	
 ﾠwith	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠresidues,	
 ﾠmaking	
 ﾠthe	
 ﾠsurface	
 ﾠ
more	
 ﾠconductive,	
 ﾠleading	
 ﾠto	
 ﾠa	
 ﾠhigher	
 ﾠleakage	
 ﾠcurrent	
 ﾠand	
 ﾠgreater	
 ﾠpropensity	
 ﾠfor	
 ﾠdendritic	
 ﾠgrowth,	
 ﾠas	
 ﾠ
observed	
 ﾠfrom	
 ﾠthe	
 ﾠgraphs.	
 ﾠThe	
 ﾠdifferent	
 ﾠphysical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠWOA	
 ﾠresidues	
 ﾠresult	
 ﾠin	
 ﾠ
significantly	
 ﾠdifferent	
 ﾠsurface	
 ﾠconductivity	
 ﾠwhen	
 ﾠthey	
 ﾠare	
 ﾠexposed	
 ﾠto	
 ﾠclimatic	
 ﾠchanges.	
 ﾠ	
 ﾠ
However,	
 ﾠtheir	
 ﾠeffects	
 ﾠon	
 ﾠECM	
 ﾠmight	
 ﾠbe	
 ﾠmore	
 ﾠcomplicated	
 ﾠthan	
 ﾠjust	
 ﾠthe	
 ﾠsolubility.	
 ﾠStructure	
 ﾠof	
 ﾠthe	
 ﾠacids	
 ﾠ
might	
 ﾠalso	
 ﾠplay	
 ﾠa	
 ﾠrole	
 ﾠas	
 ﾠthe	
 ﾠconductivity	
 ﾠof	
 ﾠthese	
 ﾠacids	
 ﾠis	
 ﾠdifferent	
 ﾠfor	
 ﾠsimilar	
 ﾠconcentrations.	
 ﾠ
7.4.1.5  Equivalent	
 ﾠconcentration	
 ﾠof	
 ﾠNaCl	
 ﾠ
Figure	
 ﾠ59	
 ﾠshows	
 ﾠthe	
 ﾠLC	
 ﾠvs.	
 ﾠconcentration	
 ﾠtrend	
 ﾠfor	
 ﾠthe	
 ﾠfour	
 ﾠWOAs.	
 ﾠThe	
 ﾠdata	
 ﾠwere	
 ﾠextracted	
 ﾠfrom	
 ﾠthe	
 ﾠ
results	
 ﾠobtained	
 ﾠbefore.	
 ﾠThese	
 ﾠwere	
 ﾠtaken	
 ﾠat	
 ﾠtwo	
 ﾠdifferent	
 ﾠvalues	
 ﾠof	
 ﾠrelative	
 ﾠhumidity,	
 ﾠnamely	
 ﾠ70%	
 ﾠ
(below	
 ﾠcritical	
 ﾠRH)	
 ﾠand	
 ﾠ98%	
 ﾠ(Above	
 ﾠcritical	
 ﾠRH).	
 ﾠAdditionally,	
 ﾠon	
 ﾠthe	
 ﾠtop,	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentration	
 ﾠof	
 ﾠ
NaCl	
 ﾠwhich	
 ﾠwould	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠhas	
 ﾠbeen	
 ﾠconsidered.	
 ﾠThese	
 ﾠhave	
 ﾠbeen	
 ﾠcalculating	
 ﾠfrom	
 ﾠRiccardo	
 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
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the	
 ﾠLC	
 ﾠmeasured	
 ﾠat	
 ﾠa	
 ﾠcertain	
 ﾠconcentration	
 ﾠmultiplied	
 ﾠby	
 ﾠa	
 ﾠfactor	
 ﾠof	
 ﾠ19.5.	
 ﾠThis	
 ﾠconstant	
 ﾠis	
 ﾠthe	
 ﾠratio	
 ﾠ
between	
 ﾠthe	
 ﾠIPC	
 ﾠconcentration	
 ﾠlimit	
 ﾠfor	
 ﾠNaCl	
 ﾠequivalent	
 ﾠand	
 ﾠits	
 ﾠvalue	
 ﾠof	
 ﾠleakage	
 ﾠcurrent.	
 ﾠNamely:	
 ﾠ
	
 ﾠ
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ﾠ𝑁𝑎𝐶𝑙 ﾠ𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ﾠ
𝜇𝑔
𝑐𝑚  =
𝐼 ﾠ 𝑚𝐴  ﾠ𝑜𝑓 ﾠ𝑡ℎ𝑒 ﾠ𝑡𝑒𝑠𝑡𝑒𝑑 ﾠ𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐼 ﾠ 𝑚𝐴 𝑜𝑓 ﾠ1.56𝜇𝑔/𝑐𝑚  ﾠ𝑁𝑎𝐶𝑙
∗ 𝐼𝑃𝐶 ﾠ𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ﾠ𝑙𝑖𝑚𝑖𝑡 ﾠ
𝜇𝑔
𝑐𝑚  =
𝐼
0.08
∗ 1.56 = 𝐼 ∗ 19.5	
 ﾠ
	
 ﾠ
NaCl	
 ﾠis	
 ﾠa	
 ﾠstronger	
 ﾠelectrolyte,	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠvarious	
 ﾠWOAs;	
 ﾠtherefore,	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠobtain	
 ﾠthe	
 ﾠsame	
 ﾠ
value	
 ﾠof	
 ﾠLC,	
 ﾠa	
 ﾠlower	
 ﾠconcentration	
 ﾠof	
 ﾠNaCl	
 ﾠwill	
 ﾠthus	
 ﾠbe	
 ﾠnecessary.	
 ﾠ
From	
 ﾠthese	
 ﾠgraphs	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠgeneral	
 ﾠincrease	
 ﾠof	
 ﾠLC	
 ﾠwith	
 ﾠincreased	
 ﾠconcentration	
 ﾠand	
 ﾠ
the	
 ﾠhigher	
 ﾠsensitivity	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠacid	
 ﾠand	
 ﾠthe	
 ﾠmalic	
 ﾠacid	
 ﾠto	
 ﾠthe	
 ﾠrise	
 ﾠof	
 ﾠhumidity.	
 ﾠThis	
 ﾠcan	
 ﾠbe	
 ﾠseen	
 ﾠfrom	
 ﾠ
the	
 ﾠresulting	
 ﾠhigher	
 ﾠcurrent	
 ﾠvalues	
 ﾠat	
 ﾠ98%	
 ﾠRH	
 ﾠfor	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠadipic	
 ﾠand	
 ﾠ
succinic	
 ﾠacid	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠcurrent	
 ﾠvalues	
 ﾠat	
 ﾠ70%	
 ﾠRH.	
 ﾠ	
 ﾠ	
 ﾠ
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Figure	
 ﾠ59LC	
 ﾠvs.	
 ﾠconcentration	
 ﾠtrend	
 ﾠfor	
 ﾠthe	
 ﾠfour	
 ﾠWOAs.	
 ﾠOn	
 ﾠtop	
 ﾠis	
 ﾠthe	
 ﾠEquivalent	
 ﾠconcentration	
 ﾠof	
 ﾠNaCl	
 ﾠ
7.4.2  Hydrophilic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠvarious	
 ﾠWOA	
 ﾠresidues	
 ﾠ
From	
 ﾠthese	
 ﾠexperiment	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠhow	
 ﾠthe	
 ﾠacids	
 ﾠstart	
 ﾠto	
 ﾠhave	
 ﾠa	
 ﾠdifferent	
 ﾠbehavior	
 ﾠfrom	
 ﾠthe	
 ﾠ
one	
 ﾠdescribed	
 ﾠin	
 ﾠthe	
 ﾠpreceding	
 ﾠChapter7.3.	
 ﾠ Especially	
 ﾠ the	
 ﾠ glutaric	
 ﾠ acid	
 ﾠ becomes,	
 ﾠ together	
 ﾠ with	
 ﾠ the	
 ﾠ
malic,	
 ﾠthe	
 ﾠmost	
 ﾠaggressive.	
 ﾠThis	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat	
 ﾠthe	
 ﾠprevious	
 ﾠexperiments	
 ﾠwere	
 ﾠdone	
 ﾠunder	
 ﾠRiccardo	
 ﾠRizzo:	
 ﾠ“Role	
 ﾠof	
 ﾠsupply	
 ﾠchain	
 ﾠlogistics	
 ﾠand	
 ﾠmanufacturing	
 ﾠprocess	
 ﾠon	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠ
devices”	
 ﾠ
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condensation	
 ﾠcondition,	
 ﾠdirectly	
 ﾠusing	
 ﾠthe	
 ﾠsolution	
 ﾠin	
 ﾠform	
 ﾠof	
 ﾠa	
 ﾠdroplet.	
 ﾠIn	
 ﾠthis	
 ﾠexperiment	
 ﾠthe	
 ﾠresidues	
 ﾠ
is	
 ﾠsolid	
 ﾠand	
 ﾠis	
 ﾠits	
 ﾠhydrophilic	
 ﾠbehavior	
 ﾠthat	
 ﾠexerts	
 ﾠa	
 ﾠgreat	
 ﾠinfluence,	
 ﾠas	
 ﾠthe	
 ﾠmore	
 ﾠhydrophilic	
 ﾠthe	
 ﾠresidues	
 ﾠ
are	
 ﾠthe	
 ﾠmore	
 ﾠmoisture	
 ﾠat	
 ﾠlower	
 ﾠrelative	
 ﾠhumidity	
 ﾠcan	
 ﾠcapture.	
 ﾠThe	
 ﾠmalic	
 ﾠand	
 ﾠthe	
 ﾠglutaric	
 ﾠacid	
 ﾠcan	
 ﾠattract	
 ﾠ
more	
 ﾠmoisture	
 ﾠcreating	
 ﾠthe	
 ﾠcondensing	
 ﾠhumidity	
 ﾠlayer	
 ﾠwhich	
 ﾠallows	
 ﾠthe	
 ﾠtransfer	
 ﾠof	
 ﾠions,	
 ﾠenhancing	
 ﾠthis	
 ﾠ
way	
 ﾠ the	
 ﾠ corrosion	
 ﾠ process.	
 ﾠ Therefore	
 ﾠ the	
 ﾠ type	
 ﾠ of	
 ﾠ WOA	
 ﾠ as	
 ﾠ an	
 ﾠ activator	
 ﾠ in	
 ﾠ a	
 ﾠ flux	
 ﾠ system	
 ﾠ plays	
 ﾠ an	
 ﾠ
important	
 ﾠrole	
 ﾠin	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠan	
 ﾠelectronic	
 ﾠdevice:	
 ﾠthe	
 ﾠdifferences	
 ﾠin	
 ﾠphysical	
 ﾠand	
 ﾠchemical	
 ﾠ
properties	
 ﾠof	
 ﾠthe	
 ﾠWOA	
 ﾠresidues,	
 ﾠwhen	
 ﾠexposed	
 ﾠto	
 ﾠtemperature	
 ﾠand	
 ﾠhumidity,	
 ﾠresult	
 ﾠin	
 ﾠsignificantly	
 ﾠ
different	
 ﾠsurface	
 ﾠconductivity.	
 ﾠ
7.4.3  Possible	
 ﾠimplications	
 ﾠin	
 ﾠPCBA	
 ﾠmanufacturing	
 ﾠ
From	
 ﾠthese	
 ﾠresults	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠunderstand	
 ﾠhow	
 ﾠthe	
 ﾠhygroscopic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠWOA	
 ﾠresidues	
 ﾠexerts	
 ﾠ
a	
 ﾠgreat	
 ﾠinfluence	
 ﾠon	
 ﾠthe	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠthe	
 ﾠPCBA.	
 ﾠThe	
 ﾠpresence	
 ﾠof	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠas	
 ﾠ
activators	
 ﾠin	
 ﾠa	
 ﾠflux	
 ﾠsystem	
 ﾠis	
 ﾠdeleterious.	
 ﾠDue	
 ﾠto	
 ﾠtheir	
 ﾠhigh	
 ﾠhygroscopic	
 ﾠtendency	
 ﾠthey	
 ﾠabsorb	
 ﾠhumidity	
 ﾠat	
 ﾠ
lower	
 ﾠRH,	
 ﾠthey	
 ﾠrender	
 ﾠthe	
 ﾠsurface	
 ﾠmore	
 ﾠconductive	
 ﾠand	
 ﾠincrease	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent.	
 ﾠThe	
 ﾠpropensity	
 ﾠfor	
 ﾠ
dendritic	
 ﾠgrowth	
 ﾠistherefore	
 ﾠmuch	
 ﾠhigher	
 ﾠif	
 ﾠthese	
 ﾠacids	
 ﾠare	
 ﾠpresent	
 ﾠin	
 ﾠsolder	
 ﾠfluxes	
 ﾠas	
 ﾠactivators.	
 ﾠ
7.4.4  Conclusions	
 ﾠ
From	
 ﾠthe	
 ﾠabove	
 ﾠresults,	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠsummarize	
 ﾠthe	
 ﾠfollowing:	
 ﾠ
•  No	
 ﾠsignificant	
 ﾠincrease	
 ﾠin	
 ﾠLC	
 ﾠcurrent	
 ﾠwas	
 ﾠrevealed	
 ﾠfor	
 ﾠrelative	
 ﾠhumidity	
 ﾠbelow	
 ﾠ60	
 ﾠ%	
 ﾠfor	
 ﾠ1.56	
 ﾠ
μg/cm
2	
 ﾠof	
 ﾠNaCl,	
 ﾠbelow	
 ﾠ65	
 ﾠ%	
 ﾠfor	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid,	
 ﾠ80%	
 ﾠfor	
 ﾠsuccinic	
 ﾠand	
 ﾠ90	
 ﾠ%	
 ﾠfor	
 ﾠadipic.	
 ﾠ
Above	
 ﾠthese	
 ﾠlevels	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠstart	
 ﾠto	
 ﾠrise	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠsolutions	
 ﾠand	
 ﾠconcentrations.	
 ﾠ	
 ﾠ	
 ﾠ
•  Glutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠshowed	
 ﾠa	
 ﾠmore	
 ﾠconsistent	
 ﾠincrease	
 ﾠin	
 ﾠleakage	
 ﾠcurrent	
 ﾠabove	
 ﾠ65%	
 ﾠwith	
 ﾠ
almost	
 ﾠone	
 ﾠdecade	
 ﾠincrease	
 ﾠfor	
 ﾠevery	
 ﾠ10	
 ﾠ%	
 ﾠincrement	
 ﾠof	
 ﾠRH,	
 ﾠwhereas	
 ﾠsuccinic	
 ﾠand	
 ﾠadipic	
 ﾠacid	
 ﾠ
are	
 ﾠless	
 ﾠsensitive	
 ﾠto	
 ﾠthese	
 ﾠchanges	
 ﾠ
•  The	
 ﾠresulting	
 ﾠleakage	
 ﾠcurrent	
 ﾠlevels	
 ﾠwere	
 ﾠdependent	
 ﾠon	
 ﾠthe	
 ﾠacid	
 ﾠconcentrations	
 ﾠwith	
 ﾠhigher	
 ﾠacid	
 ﾠ
concentrations	
 ﾠresulting	
 ﾠin	
 ﾠmore	
 ﾠleakage	
 ﾠcurrent.	
 ﾠ	
 ﾠ
•  ECM	
 ﾠwas	
 ﾠseen	
 ﾠfor	
 ﾠglutaric,	
 ﾠmalic,	
 ﾠand	
 ﾠsuccinic	
 ﾠacid	
 ﾠat	
 ﾠhigher	
 ﾠhumidity	
 ﾠlevels,	
 ﾠwhile	
 ﾠno	
 ﾠECM	
 ﾠwas	
 ﾠ
observed	
 ﾠfor	
 ﾠadipic	
 ﾠacid	
 ﾠeven	
 ﾠat	
 ﾠhigher	
 ﾠhumidity	
 ﾠlevels.	
 ﾠ	
 ﾠ
•  The	
 ﾠhigher	
 ﾠaggressiveness	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠand	
 ﾠglutaric	
 ﾠsolution	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠtheir	
 ﾠhigher	
 ﾠsolubility	
 ﾠin	
 ﾠ
water	
 ﾠwhich	
 ﾠmakes	
 ﾠthem	
 ﾠmore	
 ﾠhygroscopic.	
 ﾠThis	
 ﾠmakes	
 ﾠthe	
 ﾠwater	
 ﾠlayer	
 ﾠformation	
 ﾠeasy,	
 ﾠand	
 ﾠ
therefore	
 ﾠenhances	
 ﾠthe	
 ﾠcorrosion	
 ﾠprocess.	
 ﾠ
•  Conductivity	
 ﾠof	
 ﾠvarious	
 ﾠacids	
 ﾠis	
 ﾠdifferent,	
 ﾠwhich	
 ﾠshows	
 ﾠan	
 ﾠinfluence	
 ﾠof	
 ﾠmolecular	
 ﾠstructure	
 ﾠon	
 ﾠ
the	
 ﾠdissociation	
 ﾠof	
 ﾠthe	
 ﾠacids.	
 ﾠ	
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•  Results	
 ﾠpresented	
 ﾠin	
 ﾠthis	
 ﾠsection	
 ﾠhas	
 ﾠimplications	
 ﾠon	
 ﾠthe	
 ﾠsolder	
 ﾠflux	
 ﾠusage	
 ﾠduring	
 ﾠsoldering	
 ﾠ
process	
 ﾠindicating	
 ﾠthat	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠflux	
 ﾠtypes	
 ﾠon	
 ﾠclimatic	
 ﾠreliability	
 ﾠdepends	
 ﾠon	
 ﾠthe	
 ﾠacid	
 ﾠtypes	
 ﾠin	
 ﾠ
the	
 ﾠflux	
 ﾠresidue.	
 ﾠ	
 ﾠ	
 ﾠ
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7.5  Effect	
 ﾠof	
 ﾠcontamination	
 ﾠon	
 ﾠcorrosion	
 ﾠunder	
 ﾠcondensing	
 ﾠconditions	
 ﾠ
This	
 ﾠchapter	
 ﾠprovides	
 ﾠresults	
 ﾠon	
 ﾠinvestigations	
 ﾠrelated	
 ﾠto	
 ﾠwater	
 ﾠlayer	
 ﾠformation	
 ﾠon	
 ﾠthe	
 ﾠPCBA	
 ﾠsurface	
 ﾠand	
 ﾠ
corrosion	
 ﾠ reliability	
 ﾠ issues	
 ﾠ under	
 ﾠ differential	
 ﾠ temperature	
 ﾠ conditions	
 ﾠ between	
 ﾠ PCBA	
 ﾠ and	
 ﾠ outside	
 ﾠ
atmosphere	
 ﾠsuch	
 ﾠas	
 ﾠcooling	
 ﾠeffect.	
 ﾠThis	
 ﾠleads	
 ﾠto	
 ﾠcondensation	
 ﾠon	
 ﾠPCBA	
 ﾠand	
 ﾠrelatively	
 ﾠhigh	
 ﾠwater	
 ﾠlayer	
 ﾠ
thickness.	
 ﾠ	
 ﾠ
7.5.1  PCB	
 ﾠlevel	
 ﾠtests	
 ﾠusing	
 ﾠPeltier	
 ﾠstage	
 ﾠfor	
 ﾠcontinuous	
 ﾠcooling	
 ﾠ
The	
 ﾠpurpose	
 ﾠof	
 ﾠthis	
 ﾠexperiment	
 ﾠwas	
 ﾠto	
 ﾠinvestigate	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠWOA	
 ﾠresidues	
 ﾠon	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠof	
 ﾠ
electronic	
 ﾠcomponents	
 ﾠunder	
 ﾠcondensing	
 ﾠconditions.	
 ﾠCELCORR	
 ﾠtest	
 ﾠPCB	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠand	
 ﾠall	
 ﾠthe	
 ﾠ9	
 ﾠ
rows	
 ﾠ of	
 ﾠ surface	
 ﾠ mounted	
 ﾠ capacitors	
 ﾠ have	
 ﾠ been	
 ﾠ tested,	
 ﾠ together	
 ﾠ with	
 ﾠ the	
 ﾠ reflow	
 ﾠ surface	
 ﾠ finish	
 ﾠ SIR	
 ﾠ
pattern	
 ﾠon	
 ﾠthe	
 ﾠtest	
 ﾠPCB.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠobtain	
 ﾠnearly	
 ﾠcondensing	
 ﾠcondition,	
 ﾠa	
 ﾠpeltier	
 ﾠstage	
 ﾠpreviously	
 ﾠ
described	
 ﾠhas	
 ﾠbeen	
 ﾠused.	
 ﾠThe	
 ﾠsamples	
 ﾠwere	
 ﾠplaced	
 ﾠinside	
 ﾠthe	
 ﾠclimatic	
 ﾠchamber	
 ﾠat	
 ﾠconstant	
 ﾠcondition	
 ﾠof	
 ﾠ
25	
 ﾠ°C	
 ﾠtemperature	
 ﾠand	
 ﾠ60	
 ﾠ%	
 ﾠrelative	
 ﾠhumidity.	
 ﾠThe	
 ﾠfirst	
 ﾠexperiment	
 ﾠinvolves	
 ﾠa	
 ﾠconcentration	
 ﾠof	
 ﾠ1.56	
 ﾠ
μg/cm
2	
 ﾠof	
 ﾠNaCl	
 ﾠon	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠand	
 ﾠSMCs	
 ﾠbiased	
 ﾠat	
 ﾠ5	
 ﾠV.	
 ﾠThis	
 ﾠtest	
 ﾠhas	
 ﾠbeen	
 ﾠcarried	
 ﾠout	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠ
obtain	
 ﾠa	
 ﾠreference	
 ﾠwith	
 ﾠrespect	
 ﾠto	
 ﾠthe	
 ﾠIPC	
 ﾠstandards	
 ﾠwhere	
 ﾠto	
 ﾠcompare	
 ﾠthe	
 ﾠsucceeding	
 ﾠresults	
 ﾠfrom	
 ﾠthe	
 ﾠ
equivalent	
 ﾠconcentrations	
 ﾠof	
 ﾠWOA	
 ﾠresidues.	
 ﾠThis	
 ﾠfirst	
 ﾠtest	
 ﾠhas	
 ﾠbeen	
 ﾠadditionally	
 ﾠused	
 ﾠas	
 ﾠa	
 ﾠpilot	
 ﾠtest	
 ﾠto	
 ﾠ
verify	
 ﾠand	
 ﾠset	
 ﾠthe	
 ﾠconditions	
 ﾠfor	
 ﾠthe	
 ﾠfollowing	
 ﾠexperiments	
 ﾠwith	
 ﾠWOAs.	
 ﾠSome	
 ﾠparameters	
 ﾠhave	
 ﾠbeen,	
 ﾠ
indeed,	
 ﾠchanged	
 ﾠafter	
 ﾠthe	
 ﾠtest	
 ﾠwith	
 ﾠsodium	
 ﾠchloride:	
 ﾠthe	
 ﾠvoltage	
 ﾠwas	
 ﾠincreased	
 ﾠto	
 ﾠ10	
 ﾠV	
 ﾠand	
 ﾠthe	
 ﾠcooling	
 ﾠ
conditions	
 ﾠhave	
 ﾠalso	
 ﾠbeen	
 ﾠmodified.	
 ﾠThese	
 ﾠchanges	
 ﾠwill	
 ﾠbe	
 ﾠbetter	
 ﾠexplained	
 ﾠin	
 ﾠthe	
 ﾠrelated	
 ﾠparagraphs.	
 ﾠ
The	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠhas	
 ﾠthen	
 ﾠbeen	
 ﾠcooled	
 ﾠdown	
 ﾠfrom	
 ﾠambient	
 ﾠtemperature	
 ﾠdown	
 ﾠto	
 ﾠthe	
 ﾠdew	
 ﾠ
point	
 ﾠwhen	
 ﾠthe	
 ﾠcondensation	
 ﾠoccurs.	
 ﾠThis	
 ﾠhas	
 ﾠbeen	
 ﾠachieved	
 ﾠby	
 ﾠincreasing	
 ﾠthe	
 ﾠvoltage	
 ﾠon	
 ﾠthe	
 ﾠpeltier	
 ﾠ
stage	
 ﾠthrough	
 ﾠa	
 ﾠprogrammable	
 ﾠpower	
 ﾠsource.	
 ﾠRTD	
 ﾠsensor	
 ﾠhas	
 ﾠbeen	
 ﾠused	
 ﾠto	
 ﾠmonitor	
 ﾠthe	
 ﾠtemperature	
 ﾠof	
 ﾠ
the	
 ﾠsubstrate	
 ﾠand	
 ﾠa	
 ﾠvideo	
 ﾠmicroscope	
 ﾠhas	
 ﾠbeen	
 ﾠemployed	
 ﾠto	
 ﾠrecord	
 ﾠthe	
 ﾠcondensation	
 ﾠon	
 ﾠSMCs.	
 ﾠAll	
 ﾠthe	
 ﾠ
experiments	
 ﾠwere	
 ﾠcarried	
 ﾠout	
 ﾠfor	
 ﾠ24	
 ﾠhours.	
 ﾠ
	
 ﾠ
7.5.1.1  Reference	
 ﾠexperiment	
 ﾠusing	
 ﾠNaCl	
 ﾠcontamination	
 ﾠ
SMCs	
 ﾠcomponent	
 ﾠand	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠon	
 ﾠthe	
 ﾠCELCORR	
 ﾠtest	
 ﾠPCB	
 ﾠsetup	
 ﾠhave	
 ﾠbeen	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ
1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠsodium	
 ﾠchloride	
 ﾠand	
 ﾠtested	
 ﾠunder	
 ﾠa	
 ﾠ5V	
 ﾠbias	
 ﾠand	
 ﾠcondensing	
 ﾠconditions.	
 ﾠThe	
 ﾠPCB	
 ﾠsetup	
 ﾠ
has	
 ﾠthen	
 ﾠbeen	
 ﾠmounted	
 ﾠon	
 ﾠthe	
 ﾠpeltier	
 ﾠstage,	
 ﾠtightening	
 ﾠit	
 ﾠproperly	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠensure	
 ﾠa	
 ﾠgood	
 ﾠsurface	
 ﾠ
contact	
 ﾠ and	
 ﾠ heat	
 ﾠ transfer.	
 ﾠ The	
 ﾠ specimen	
 ﾠ has	
 ﾠ then	
 ﾠ been	
 ﾠ placed	
 ﾠ inside	
 ﾠ the	
 ﾠ climatic	
 ﾠ chamber	
 ﾠ and	
 ﾠ
connected	
 ﾠ to	
 ﾠ the	
 ﾠ programmable	
 ﾠ power	
 ﾠ source.	
 ﾠ The	
 ﾠ voltage	
 ﾠ supply	
 ﾠ for	
 ﾠ the	
 ﾠ peltier	
 ﾠ stage	
 ﾠ has	
 ﾠ been	
 ﾠ
programmed	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠrise	
 ﾠfrom	
 ﾠ0	
 ﾠto	
 ﾠ5	
 ﾠV	
 ﾠin	
 ﾠ24	
 ﾠhours	
 ﾠto	
 ﾠensure	
 ﾠa	
 ﾠconstant	
 ﾠcooling	
 ﾠof	
 ﾠthe	
 ﾠPCB.	
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 ﾠ
The	
 ﾠleakage	
 ﾠcurrent	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠhas	
 ﾠbeen	
 ﾠmeasured	
 ﾠby	
 ﾠmeans	
 ﾠof	
 ﾠa	
 ﾠBioLogic	
 ﾠpotentiostat	
 ﾠ	
 ﾠand	
 ﾠthe	
 ﾠ
LC	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠby	
 ﾠmeans	
 ﾠof	
 ﾠthe	
 ﾠCELCORR	
 ﾠPCB	
 ﾠtest	
 ﾠsetup,	
 ﾠas	
 ﾠit	
 ﾠallows	
 ﾠa	
 ﾠgreater	
 ﾠnumber	
 ﾠof	
 ﾠchannel	
 ﾠ
to	
 ﾠbe	
 ﾠrecorded.	
 ﾠThe	
 ﾠresults	
 ﾠfrom	
 ﾠthese	
 ﾠmeasurements	
 ﾠare	
 ﾠdisplayed	
 ﾠin	
 ﾠFigure	
 ﾠ60.	
 ﾠ	
 ﾠ
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Figure	
 ﾠ60	
 ﾠcurrent	
 ﾠleaking	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠ(black	
 ﾠcurves)	
 ﾠand	
 ﾠcapacitors	
 ﾠ(blue	
 ﾠcurves).	
 ﾠThe	
 ﾠred	
 ﾠline	
 ﾠrepresents	
 ﾠthe	
 ﾠ
temperature	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠ
	
 ﾠ
On	
 ﾠthe	
 ﾠsame	
 ﾠgraph	
 ﾠthe	
 ﾠLC	
 ﾠvs.	
 ﾠtime	
 ﾠand	
 ﾠthe	
 ﾠtemperature	
 ﾠvs.	
 ﾠtime	
 ﾠhave	
 ﾠbeen	
 ﾠplotted.	
 ﾠThe	
 ﾠLC	
 ﾠcan	
 ﾠbe	
 ﾠread	
 ﾠ
on	
 ﾠthe	
 ﾠleft	
 ﾠy-ﾭ‐axis	
 ﾠwhile	
 ﾠthe	
 ﾠtemperature	
 ﾠon	
 ﾠthe	
 ﾠright	
 ﾠy-ﾭ‐axis.	
 ﾠIt	
 ﾠis	
 ﾠthus	
 ﾠpossible	
 ﾠto	
 ﾠread	
 ﾠthree	
 ﾠcurves	
 ﾠfrom	
 ﾠ
this	
 ﾠgraph:	
 ﾠthe	
 ﾠblack	
 ﾠand	
 ﾠthe	
 ﾠblue	
 ﾠone	
 ﾠrepresents	
 ﾠthe	
 ﾠcurrent	
 ﾠleaking	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠand	
 ﾠone	
 ﾠrow	
 ﾠ
of	
 ﾠcapacitors,	
 ﾠrespectively.	
 ﾠThe	
 ﾠred	
 ﾠline	
 ﾠshows	
 ﾠthe	
 ﾠtemperature	
 ﾠchanges	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠdue	
 ﾠto	
 ﾠcooling.	
 ﾠThe	
 ﾠ
row	
 ﾠof	
 ﾠcapacitors	
 ﾠhas	
 ﾠbeen	
 ﾠrandomly	
 ﾠchosen	
 ﾠas	
 ﾠthe	
 ﾠbehavior	
 ﾠis	
 ﾠsimilar	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠrows.	
 ﾠThe	
 ﾠcurrent	
 ﾠ
leaking	
 ﾠfrom	
 ﾠall	
 ﾠthe	
 ﾠrow	
 ﾠof	
 ﾠcapacitor	
 ﾠis	
 ﾠshown	
 ﾠin	
 ﾠAppendix	
 ﾠII	
 ﾠ
	
 ﾠ
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7.5.1.2  Leakage	
 ﾠcurrent	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠ
Focusing	
 ﾠ on	
 ﾠ the	
 ﾠ current	
 ﾠ leaking	
 ﾠ from	
 ﾠ the	
 ﾠ SIR	
 ﾠ
pattern	
 ﾠ it	
 ﾠ is	
 ﾠ possible	
 ﾠ to	
 ﾠ notice	
 ﾠ that	
 ﾠ it	
 ﾠ starts	
 ﾠ to	
 ﾠ
increase	
 ﾠ after	
 ﾠ around	
 ﾠ 6-ﾭ‐7	
 ﾠ hours	
 ﾠ when	
 ﾠ the	
 ﾠ
temperature	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠis	
 ﾠaround	
 ﾠ21	
 ﾠ°C.	
 ﾠ	
 ﾠAt	
 ﾠthis	
 ﾠ
temperature	
 ﾠthe	
 ﾠfirst	
 ﾠcondensation	
 ﾠdroplets	
 ﾠstart	
 ﾠ
to	
 ﾠform:	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠhas	
 ﾠbeen	
 ﾠreached	
 ﾠand	
 ﾠthe	
 ﾠ
corrosion	
 ﾠprocess	
 ﾠis	
 ﾠtriggered.	
 ﾠFrom	
 ﾠthis	
 ﾠpoint	
 ﾠthe	
 ﾠ
LC	
 ﾠ increases	
 ﾠ rapidly	
 ﾠ reaching	
 ﾠ its	
 ﾠ maximum	
 ﾠ after	
 ﾠ
more	
 ﾠor	
 ﾠless	
 ﾠten	
 ﾠhours	
 ﾠat	
 ﾠa	
 ﾠtemperature	
 ﾠapprox.	
 ﾠof	
 ﾠ
18	
 ﾠ°C.	
 ﾠBy	
 ﾠlooking	
 ﾠat	
 ﾠthe	
 ﾠMollier	
 ﾠdiagram	
 ﾠ(Figure	
 ﾠ61)	
 ﾠ
it	
 ﾠ is	
 ﾠ possible	
 ﾠ to	
 ﾠ notice	
 ﾠ that	
 ﾠ at	
 ﾠ the	
 ﾠ experimental	
 ﾠ
condition	
 ﾠ(T=25	
 ﾠ°C	
 ﾠand	
 ﾠRH=60	
 ﾠ%,	
 ﾠred	
 ﾠdot	
 ﾠon	
 ﾠthe	
 ﾠ
graph)	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠis	
 ﾠreached	
 ﾠat	
 ﾠT=17	
 ﾠ°C	
 ﾠ(purple	
 ﾠ
dot),	
 ﾠ meaning	
 ﾠ a	
 ﾠ ΔT=-ﾭ‐8	
 ﾠ °C.	
 ﾠ However,	
 ﾠ in	
 ﾠ this	
 ﾠ
experiment	
 ﾠa	
 ﾠΔT=-ﾭ‐4	
 ﾠ°C	
 ﾠ(green	
 ﾠdot)	
 ﾠis	
 ﾠsufficient	
 ﾠto	
 ﾠ
reach	
 ﾠthe	
 ﾠdew	
 ﾠpoint.	
 ﾠThis	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠhydrophilic	
 ﾠ
properties	
 ﾠ of	
 ﾠ NaCl	
 ﾠ which	
 ﾠ reduce	
 ﾠ by	
 ﾠ 4	
 ﾠ degrees	
 ﾠ the	
 ﾠ
under	
 ﾠcooling	
 ﾠnecessary	
 ﾠto	
 ﾠreach	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠfor	
 ﾠthese	
 ﾠconditions.	
 ﾠAt	
 ﾠthis	
 ﾠT=21	
 ﾠ°C	
 ﾠcorresponds	
 ﾠa	
 ﾠvalue	
 ﾠ
of	
 ﾠrelative	
 ﾠhumidity	
 ﾠbetween	
 ﾠ75	
 ﾠ%	
 ﾠand	
 ﾠ80	
 ﾠ%,	
 ﾠwhich	
 ﾠreflects	
 ﾠthe	
 ﾠ	
 ﾠcritical	
 ﾠRH	
 ﾠfor	
 ﾠNaCl	
 ﾠ(75	
 ﾠ%)	
 ﾠ	
 ﾠfound	
 ﾠin	
 ﾠ
literature	
 ﾠ[47].	
 ﾠ
7.5.1.3  Effect	
 ﾠof	
 ﾠcondensation	
 ﾠon	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠ
Condensation	
 ﾠexerts	
 ﾠa	
 ﾠremarkable	
 ﾠeffect	
 ﾠon	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent.	
 ﾠThe	
 ﾠbase	
 ﾠcurrent	
 ﾠlevel	
 ﾠat	
 ﾠthe	
 ﾠbeginning	
 ﾠ
of	
 ﾠthe	
 ﾠexperiment	
 ﾠis	
 ﾠin	
 ﾠthe	
 ﾠorder	
 ﾠof	
 ﾠ10
-ﾭ‐5	
 ﾠmA;	
 ﾠnear	
 ﾠcondensing	
 ﾠcondition	
 ﾠ(21	
 ﾠ°C	
 ﾠ<	
 ﾠT	
 ﾠ<	
 ﾠ20	
 ﾠ°C)	
 ﾠlead	
 ﾠto	
 ﾠan	
 ﾠ
increase	
 ﾠof	
 ﾠapprox.	
 ﾠ2	
 ﾠorders,	
 ﾠrising	
 ﾠthe	
 ﾠcurrent	
 ﾠup	
 ﾠto	
 ﾠ10
-ﾭ‐3	
 ﾠmA.	
 ﾠWhen	
 ﾠfull	
 ﾠcondensation	
 ﾠoccurs	
 ﾠon	
 ﾠthe	
 ﾠPCB	
 ﾠ
(T≈	
 ﾠ18	
 ﾠ°C),	
 ﾠthe	
 ﾠcurrent	
 ﾠis	
 ﾠincreased	
 ﾠagain	
 ﾠup	
 ﾠto	
 ﾠ10
-ﾭ‐1.	
 ﾠ
In	
 ﾠaddition	
 ﾠto	
 ﾠthis,	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠobserve	
 ﾠthat	
 ﾠthe	
 ﾠrate	
 ﾠof	
 ﾠincrease	
 ﾠis	
 ﾠfaster	
 ﾠon	
 ﾠthe	
 ﾠSIR	
 ﾠpatterns	
 ﾠthan	
 ﾠon	
 ﾠ
the	
 ﾠcapacitors.	
 ﾠThis	
 ﾠgreater	
 ﾠsensitivity	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠhigher	
 ﾠexposure	
 ﾠarea	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠthan	
 ﾠto	
 ﾠthe	
 ﾠone	
 ﾠof	
 ﾠ
the	
 ﾠSMCs.	
 ﾠ
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7.5.1.4  Leakage	
 ﾠcurrent	
 ﾠon	
 ﾠcapacitors	
 ﾠ
	
 ﾠFocusing	
 ﾠnow	
 ﾠon	
 ﾠthe	
 ﾠcurrent	
 ﾠleaking	
 ﾠfrom	
 ﾠthe	
 ﾠcapacitors	
 ﾠrow	
 ﾠ(blue	
 ﾠcurve	
 ﾠin	
 ﾠFigure	
 ﾠ60)	
 ﾠtwo	
 ﾠdifferences	
 ﾠ
can	
 ﾠbe	
 ﾠimmediately	
 ﾠnoticed.	
 ﾠBefore	
 ﾠgetting	
 ﾠinto	
 ﾠtheir	
 ﾠdetails	
 ﾠit	
 ﾠis	
 ﾠworth	
 ﾠto	
 ﾠmention	
 ﾠthat	
 ﾠthe	
 ﾠcurrent	
 ﾠ
presented	
 ﾠin	
 ﾠthe	
 ﾠgraph	
 ﾠis	
 ﾠcomprised	
 ﾠfrom	
 ﾠthe	
 ﾠcurrents	
 ﾠleaking	
 ﾠ through	
 ﾠ 10	
 ﾠ capacitors	
 ﾠ connected	
 ﾠ in	
 ﾠ
parallel.	
 ﾠ
As	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠthe	
 ﾠmagnitude	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠmeasured	
 ﾠon	
 ﾠthe	
 ﾠrow	
 ﾠof	
 ﾠcapacitors	
 ﾠis	
 ﾠaround	
 ﾠtwo	
 ﾠand	
 ﾠ
more	
 ﾠorders	
 ﾠlower	
 ﾠthan	
 ﾠthe	
 ﾠone	
 ﾠrecorded	
 ﾠon	
 ﾠthe	
 ﾠSIR.	
 ﾠ	
 ﾠThis	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat	
 ﾠthe	
 ﾠexposure	
 ﾠarea	
 ﾠof	
 ﾠ
the	
 ﾠSIR	
 ﾠis	
 ﾠhigher	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠSMCs,	
 ﾠleading	
 ﾠto	
 ﾠa	
 ﾠhigher	
 ﾠsensitivity	
 ﾠof	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠusing	
 ﾠ
SIR	
 ﾠpattern	
 ﾠthan	
 ﾠthe	
 ﾠcurrent	
 ﾠmeasurements	
 ﾠfrom	
 ﾠSMCs	
 ﾠ.In	
 ﾠaddition	
 ﾠto	
 ﾠthis	
 ﾠthe	
 ﾠcondensation	
 ﾠprocess	
 ﾠfor	
 ﾠ
the	
 ﾠSMCs	
 ﾠis	
 ﾠdelayed	
 ﾠby	
 ﾠapprox.	
 ﾠone	
 ﾠhour	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠfact	
 ﾠthat	
 ﾠcondensation	
 ﾠhappens	
 ﾠfirst	
 ﾠon	
 ﾠthe	
 ﾠtin	
 ﾠ
terminals	
 ﾠand	
 ﾠthen	
 ﾠalong	
 ﾠthe	
 ﾠceramic	
 ﾠbody	
 ﾠof	
 ﾠthe	
 ﾠcapacitors.	
 ﾠWhen	
 ﾠthe	
 ﾠtwo	
 ﾠterminals	
 ﾠare	
 ﾠbridged	
 ﾠthe	
 ﾠ
corrosion	
 ﾠprocess	
 ﾠtakes	
 ﾠplace	
 ﾠand	
 ﾠthe	
 ﾠcurrent	
 ﾠincreases.	
 ﾠ
The	
 ﾠhighest	
 ﾠLC	
 ﾠmeasured	
 ﾠon	
 ﾠthe	
 ﾠSMCs	
 ﾠis	
 ﾠcomprised	
 ﾠwithin	
 ﾠ10
-ﾭ‐3	
 ﾠand	
 ﾠ10
-ﾭ‐2	
 ﾠmA.	
 ﾠElectrochemical	
 ﾠmigration	
 ﾠ
for	
 ﾠthis	
 ﾠsize	
 ﾠof	
 ﾠcapacitor	
 ﾠinduces,	
 ﾠusually,	
 ﾠa	
 ﾠleakage	
 ﾠcurrent	
 ﾠabove	
 ﾠ1	
 ﾠmA	
 ﾠ(experimental	
 ﾠresult),	
 ﾠthus	
 ﾠon	
 ﾠ
the	
 ﾠSMCs	
 ﾠthe	
 ﾠcurrent	
 ﾠlevel	
 ﾠis	
 ﾠnot	
 ﾠhigh	
 ﾠenough.	
 ﾠVisual	
 ﾠexamination	
 ﾠof	
 ﾠthe	
 ﾠsurfaces	
 ﾠrevealed	
 ﾠindeed	
 ﾠno	
 ﾠ
sign	
 ﾠof	
 ﾠmigration	
 ﾠon	
 ﾠthe	
 ﾠcapacitors	
 ﾠand	
 ﾠthe	
 ﾠincrease	
 ﾠin	
 ﾠcurrent	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠcorrosion	
 ﾠproducts.	
 ﾠ
As	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠnotice	
 ﾠfrom	
 ﾠthe	
 ﾠpictures	
 ﾠcollected	
 ﾠin	
 ﾠFigure	
 ﾠ62	
 ﾠcondensation	
 ﾠoccurs	
 ﾠfirst	
 ﾠon	
 ﾠthe	
 ﾠtin	
 ﾠ
terminals	
 ﾠat	
 ﾠaround	
 ﾠ19	
 ﾠ°C	
 ﾠ(≈85	
 ﾠ%	
 ﾠRH)	
 ﾠand	
 ﾠbecomes	
 ﾠclearly	
 ﾠapparent	
 ﾠon	
 ﾠthe	
 ﾠbody	
 ﾠof	
 ﾠthe	
 ﾠcapacitor	
 ﾠwhen	
 ﾠ
the	
 ﾠsurface	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠreaches	
 ﾠ17	
 ﾠ°C.	
 ﾠ
	
 ﾠ
Figure	
 ﾠ62	
 ﾠTemperature	
 ﾠeffect	
 ﾠon	
 ﾠcondensation	
 ﾠon	
 ﾠa	
 ﾠ0805	
 ﾠcapacitor	
 ﾠpre	
 ﾠcontaminated	
 ﾠwith	
 ﾠ1.56	
 ﾠμg/cm
2	
 ﾠof	
 ﾠNaCl	
 ﾠ
	
 ﾠ
7.5.1.5  Remarks	
 ﾠ
From	
 ﾠthe	
 ﾠresults	
 ﾠof	
 ﾠthis	
 ﾠexperiment	
 ﾠit	
 ﾠhas	
 ﾠbeen	
 ﾠdecide	
 ﾠto	
 ﾠmodify	
 ﾠsome	
 ﾠof	
 ﾠthe	
 ﾠparameters	
 ﾠlike	
 ﾠthe	
 ﾠ
applied	
 ﾠvoltage	
 ﾠand	
 ﾠthe	
 ﾠcooling	
 ﾠprofile.	
 ﾠThe	
 ﾠvoltage	
 ﾠhas	
 ﾠbeen	
 ﾠincreased	
 ﾠto	
 ﾠ10	
 ﾠV,	
 ﾠin	
 ﾠorder	
 ﾠto	
 ﾠcompare	
 ﾠthe	
 ﾠ
results	
 ﾠwith	
 ﾠliterature	
 ﾠresults	
 ﾠand	
 ﾠIPC	
 ﾠstandard	
 ﾠtesting.	
 ﾠ	
 ﾠAdditionally,	
 ﾠthe	
 ﾠcondensation	
 ﾠreached	
 ﾠwith	
 ﾠthe	
 ﾠ
NaCl	
 ﾠexperiments	
 ﾠwas	
 ﾠtoo	
 ﾠintensive	
 ﾠand	
 ﾠthus	
 ﾠunrealistic	
 ﾠfor	
 ﾠreal	
 ﾠlife	
 ﾠsituation,	
 ﾠtherefore	
 ﾠthe	
 ﾠcooling	
 ﾠ
curves	
 ﾠhas	
 ﾠbeen	
 ﾠdifferently	
 ﾠprogrammed.	
 ﾠFrom	
 ﾠthe	
 ﾠprevious	
 ﾠresults	
 ﾠthe	
 ﾠcondensation	
 ﾠobtained	
 ﾠaround	
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 ﾠ
10	
 ﾠhours,	
 ﾠwhich	
 ﾠcorresponds	
 ﾠto	
 ﾠan	
 ﾠapplied	
 ﾠpotential	
 ﾠto	
 ﾠthe	
 ﾠpeltier	
 ﾠstage	
 ﾠof	
 ﾠ3	
 ﾠV,	
 ﾠhas	
 ﾠbeen	
 ﾠconsidered	
 ﾠ
realistic.	
 ﾠThus	
 ﾠthe	
 ﾠtemperature	
 ﾠprofile	
 ﾠfor	
 ﾠthe	
 ﾠWOAs	
 ﾠexperiments	
 ﾠforesees	
 ﾠan	
 ﾠincreased	
 ﾠvoltage	
 ﾠfrom	
 ﾠ0	
 ﾠ
to	
 ﾠ3	
 ﾠV	
 ﾠin	
 ﾠ10	
 ﾠhours	
 ﾠand	
 ﾠthen	
 ﾠa	
 ﾠconstant	
 ﾠpotential	
 ﾠof	
 ﾠ3	
 ﾠV	
 ﾠwill	
 ﾠbe	
 ﾠmaintained	
 ﾠfor	
 ﾠthe	
 ﾠnext	
 ﾠ14	
 ﾠhours.	
 ﾠ
The	
 ﾠresults	
 ﾠwill	
 ﾠbe	
 ﾠillustrated	
 ﾠin	
 ﾠthe	
 ﾠnext	
 ﾠparagraph.	
 ﾠ
7.5.2  Experiments	
 ﾠunder	
 ﾠcondensing	
 ﾠconditions	
 ﾠusing	
 ﾠWOAs	
 ﾠresidues	
 ﾠ
Experiments	
 ﾠ described	
 ﾠ above	
 ﾠ has	
 ﾠ been	
 ﾠ repeated	
 ﾠ with	
 ﾠ the	
 ﾠ test	
 ﾠ PCB	
 ﾠ pre-ﾭ‐contaminated	
 ﾠ with	
 ﾠ the	
 ﾠ
equivalent	
 ﾠconcentrations	
 ﾠof	
 ﾠWOAs	
 ﾠpreviously	
 ﾠfound,	
 ﾠwhich	
 ﾠprovides	
 ﾠleakage	
 ﾠcurrent	
 ﾠlevels	
 ﾠsimilar	
 ﾠto	
 ﾠ
1.56	
 ﾠµg/cm2	
 ﾠNaCl	
 ﾠlevels.	
 ﾠThese	
 ﾠconcentrations	
 ﾠare	
 ﾠlisted	
 ﾠin	
 ﾠTable	
 ﾠ16below.	
 ﾠ
	
 ﾠ
Table	
 ﾠ16Concentration	
 ﾠof	
 ﾠWOAs	
 ﾠequivalent	
 ﾠto	
 ﾠ1.56	
 ﾠμg/cm^2	
 ﾠof	
 ﾠNaCl	
 ﾠ
	
 ﾠ Adipic	
 ﾠ Glutaric	
 ﾠ Malic	
 ﾠ Succinc	
 ﾠ
Concentration	
 ﾠ(μg/cm
2)	
 ﾠ 7	
 ﾠ 6	
 ﾠ 3	
 ﾠ 2	
 ﾠ
	
 ﾠ
The	
 ﾠpotential	
 ﾠapplied	
 ﾠto	
 ﾠthe	
 ﾠSMCs	
 ﾠhas	
 ﾠbeen	
 ﾠincreased	
 ﾠto	
 ﾠ10	
 ﾠV	
 ﾠwhile	
 ﾠthe	
 ﾠpotential	
 ﾠapplied	
 ﾠto	
 ﾠthe	
 ﾠPeltier	
 ﾠ
stage	
 ﾠhas	
 ﾠbeen	
 ﾠprogrammed	
 ﾠto	
 ﾠincrease	
 ﾠfrom	
 ﾠ0	
 ﾠto	
 ﾠ3	
 ﾠV	
 ﾠwithin	
 ﾠ10	
 ﾠhours	
 ﾠand	
 ﾠthen	
 ﾠremain	
 ﾠconstant	
 ﾠat	
 ﾠ3	
 ﾠV	
 ﾠ
for	
 ﾠ the	
 ﾠ remaining	
 ﾠ 14	
 ﾠ hours.	
 ﾠ This	
 ﾠ will	
 ﾠ result	
 ﾠ in	
 ﾠ a	
 ﾠ constant	
 ﾠ cooling,	
 ﾠ corresponding	
 ﾠ to	
 ﾠ the	
 ﾠ increasing	
 ﾠ
potential,	
 ﾠfollowed	
 ﾠby	
 ﾠa	
 ﾠstationary	
 ﾠtemperature	
 ﾠtill	
 ﾠthe	
 ﾠexperiment	
 ﾠterminates.	
 ﾠ
7.5.2.1  Leakage	
 ﾠcurrent	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠwith	
 ﾠWOA	
 ﾠresidues	
 ﾠ
Focusing	
 ﾠon	
 ﾠthe	
 ﾠSIR	
 ﾠpatterns	
 ﾠof	
 ﾠFigure	
 ﾠ63the	
 ﾠcomparable	
 ﾠtrends	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠsolutions	
 ﾠcan	
 ﾠbe	
 ﾠnoticed	
 ﾠwith	
 ﾠ
condensation	
 ﾠstarting	
 ﾠbetween	
 ﾠ18	
 ﾠand	
 ﾠ19	
 ﾠ°C	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠWOAs.	
 ﾠThe	
 ﾠmalic	
 ﾠand	
 ﾠthe	
 ﾠglutaric	
 ﾠacid	
 ﾠbegin	
 ﾠto	
 ﾠ
rise	
 ﾠat	
 ﾠa	
 ﾠtemperature	
 ﾠbetween	
 ﾠ18.5	
 ﾠand	
 ﾠ19	
 ﾠ°C,	
 ﾠwhile	
 ﾠthe	
 ﾠother	
 ﾠat	
 ﾠa	
 ﾠlower	
 ﾠT≈18	
 ﾠ°C,	
 ﾠin	
 ﾠaccord	
 ﾠto	
 ﾠthe	
 ﾠ
hydrophilic	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠsolutions	
 ﾠsummarized	
 ﾠin	
 ﾠTable	
 ﾠ17.	
 ﾠ
The	
 ﾠhydrophilic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠacid,	
 ﾠunderlined	
 ﾠby	
 ﾠthe	
 ﾠsolubility	
 ﾠin	
 ﾠwater	
 ﾠis	
 ﾠcomparable	
 ﾠto	
 ﾠthe	
 ﾠone	
 ﾠ
of	
 ﾠthe	
 ﾠglutaric	
 ﾠacid:	
 ﾠtheir	
 ﾠsolid	
 ﾠresidues	
 ﾠstart	
 ﾠto	
 ﾠabsorb	
 ﾠhumidity	
 ﾠat	
 ﾠa	
 ﾠlower	
 ﾠRH≈90	
 ﾠ%	
 ﾠ(taken	
 ﾠfrom	
 ﾠthe	
 ﾠ
Mollier	
 ﾠdiagram(Appendix	
 ﾠV).The	
 ﾠadipic	
 ﾠand	
 ﾠsuccinic	
 ﾠacids	
 ﾠform	
 ﾠin	
 ﾠthe	
 ﾠbulk	
 ﾠa	
 ﾠmore	
 ﾠcompact	
 ﾠstructure,	
 ﾠ
which	
 ﾠis	
 ﾠharder	
 ﾠto	
 ﾠbreak	
 ﾠby	
 ﾠdissolution,	
 ﾠtherefore	
 ﾠcondensation	
 ﾠoccurs	
 ﾠat	
 ﾠa	
 ﾠlower	
 ﾠtemperature	
 ﾠand	
 ﾠ
higher	
 ﾠRH≈95	
 ﾠ%.	
 ﾠ
The	
 ﾠcurrent	
 ﾠlevel,	
 ﾠafter	
 ﾠthe	
 ﾠmigration	
 ﾠhas	
 ﾠoccurred	
 ﾠ(˷̴7	
 ﾠhours),	
 ﾠis	
 ﾠcomparable	
 ﾠwith	
 ﾠall	
 ﾠthe	
 ﾠsolutions	
 ﾠas	
 ﾠ
their	
 ﾠconductivity	
 ﾠshould	
 ﾠbe	
 ﾠapproximately	
 ﾠthe	
 ﾠsame.	
 ﾠ	
 ﾠ
.	
 ﾠ	
 ﾠ
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Table	
 ﾠ17	
 ﾠHydrophilic	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠWOAs	
 ﾠ
Acid	
 ﾠ Solubility	
 ﾠin	
 ﾠwater	
 ﾠg/l	
 ﾠ
Adipic	
 ﾠ	
 ﾠ 14	
 ﾠ
Succini	
 ﾠ 80	
 ﾠ
Glutaric	
 ﾠ 639	
 ﾠ
Malic	
 ﾠ 558	
 ﾠ
	
 ﾠ
The	
 ﾠlower	
 ﾠhydroscopic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠWOAs	
 ﾠreflects	
 ﾠalso	
 ﾠin	
 ﾠthe	
 ﾠlower	
 ﾠrate	
 ﾠof	
 ﾠLC	
 ﾠincrease	
 ﾠcompared	
 ﾠto	
 ﾠ
the	
 ﾠone	
 ﾠrecorded	
 ﾠfor	
 ﾠNaCl.	
 ﾠWhen	
 ﾠsodium	
 ﾠchloride	
 ﾠresidues	
 ﾠreach	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠ(RH≈75	
 ﾠ%)	
 ﾠthe	
 ﾠcurrent	
 ﾠ
suddenly	
 ﾠ increases.	
 ﾠ This	
 ﾠ rapid	
 ﾠ raise	
 ﾠ is,	
 ﾠ indeed,	
 ﾠ not	
 ﾠ recorded	
 ﾠ for	
 ﾠ the	
 ﾠ WOA	
 ﾠ residues,	
 ﾠ which	
 ﾠ show	
 ﾠ a	
 ﾠ
smoother	
 ﾠand	
 ﾠmore	
 ﾠgradual	
 ﾠincrease	
 ﾠwhen	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠis	
 ﾠreached.	
 ﾠ	
 ﾠ	
 ﾠ
	
 ﾠ
Figure	
 ﾠ63	
 ﾠLC	
 ﾠfrom	
 ﾠSIR	
 ﾠpattern	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentration	
 ﾠof	
 ﾠWOAs	
 ﾠ
	
 ﾠ
7.5.2.2  Comparison	
 ﾠwith	
 ﾠliterature	
 ﾠand	
 ﾠprevious	
 ﾠexperimental	
 ﾠresults	
 ﾠ
The	
 ﾠcritical	
 ﾠRH	
 ﾠof	
 ﾠthese	
 ﾠWOAs	
 ﾠhas	
 ﾠbeen	
 ﾠpreviously	
 ﾠinvestigated	
 ﾠby	
 ﾠAdams	
 ﾠet	
 ﾠal.[57]	
 ﾠand	
 ﾠthrough	
 ﾠformer	
 ﾠ
experimentsin	
 ﾠCELCORR	
 ﾠlab	
 ﾠby	
 ﾠmean	
 ﾠof	
 ﾠQuartz	
 ﾠCrystal	
 ﾠMicrobalance	
 ﾠ(QCM).	
 ﾠThese	
 ﾠresults	
 ﾠ(listed	
 ﾠin	
 ﾠ
Table	
 ﾠ18)	
 ﾠshow	
 ﾠthe	
 ﾠpropensity	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠto	
 ﾠabsorb	
 ﾠwater	
 ﾠat	
 ﾠlower	
 ﾠrelative	
 ﾠhumidity	
 ﾠ
compared	
 ﾠto	
 ﾠthe	
 ﾠadipic	
 ﾠand	
 ﾠsuccinic	
 ﾠacid.	
 ﾠFrom	
 ﾠthe	
 ﾠprevious	
 ﾠparagraph	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠwere	
 ﾠ
found	
 ﾠto	
 ﾠhave	
 ﾠa	
 ﾠcRH≈90	
 ﾠ%	
 ﾠwhile	
 ﾠfor	
 ﾠthe	
 ﾠremaining	
 ﾠtwo	
 ﾠacids	
 ﾠthe	
 ﾠcRH≈95	
 ﾠ%.	
 ﾠ	
 ﾠBoth	
 ﾠthese	
 ﾠvalues	
 ﾠmatch	
 ﾠ
with	
 ﾠthe	
 ﾠprevious	
 ﾠexperimental	
 ﾠand	
 ﾠliterature	
 ﾠresults	
 ﾠreflecting	
 ﾠthe	
 ﾠmore	
 ﾠhydrophilic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠ
glutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid.	
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 ﾠ
Table	
 ﾠ18	
 ﾠCritical	
 ﾠRH	
 ﾠvalue	
 ﾠcollected	
 ﾠfrom	
 ﾠliterature	
 ﾠand	
 ﾠprevious	
 ﾠexperiments	
 ﾠ
	
 ﾠ
	
 ﾠ
7.5.2.3  Leakage	
 ﾠcurrent	
 ﾠfrom	
 ﾠcapacitors	
 ﾠwith	
 ﾠWOA	
 ﾠcontamination	
 ﾠ
Figure	
 ﾠ64illustrates	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠone	
 ﾠrow	
 ﾠof	
 ﾠcapacitors	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠone	
 ﾠtype	
 ﾠof	
 ﾠWOA.	
 ﾠThe	
 ﾠ
results	
 ﾠfrom	
 ﾠthe	
 ﾠdifferent	
 ﾠcontaminants	
 ﾠhave	
 ﾠbeen	
 ﾠdisplayed	
 ﾠtogether	
 ﾠto	
 ﾠbe	
 ﾠcompared.	
 ﾠAs	
 ﾠit	
 ﾠis	
 ﾠpossible	
 ﾠ
to	
 ﾠsee	
 ﾠthe	
 ﾠtemperature	
 ﾠafter	
 ﾠ10	
 ﾠhours	
 ﾠis	
 ﾠnot	
 ﾠstationary,	
 ﾠas	
 ﾠforeseen	
 ﾠby	
 ﾠthe	
 ﾠsetup.	
 ﾠThis	
 ﾠis	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠ
functioning	
 ﾠof	
 ﾠthe	
 ﾠpower	
 ﾠsupply	
 ﾠand	
 ﾠnot	
 ﾠto	
 ﾠa	
 ﾠwrong	
 ﾠsetup.	
 ﾠHowever	
 ﾠthe	
 ﾠvariation	
 ﾠof	
 ﾠtemperature	
 ﾠduring	
 ﾠ
the	
 ﾠlast	
 ﾠ14	
 ﾠhours	
 ﾠis	
 ﾠof	
 ﾠapprox	
 ﾠ1	
 ﾠ°C	
 ﾠwhich	
 ﾠcan	
 ﾠbe	
 ﾠconsidered	
 ﾠacceptable.	
 ﾠ
The	
 ﾠLC	
 ﾠof	
 ﾠthe	
 ﾠcapacitors	
 ﾠcontaminated	
 ﾠwith	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠstarts	
 ﾠto	
 ﾠincrease	
 ﾠbefore	
 ﾠthe	
 ﾠone	
 ﾠ
contaminated	
 ﾠwith	
 ﾠthe	
 ﾠremaining	
 ﾠWOAs.	
 ﾠIt	
 ﾠbegins	
 ﾠto	
 ﾠrise	
 ﾠafter	
 ﾠ8-ﾭ‐9	
 ﾠhours	
 ﾠat	
 ﾠa	
 ﾠtemperature	
 ﾠof	
 ﾠapprox.	
 ﾠ18	
 ﾠ
°C,	
 ﾠ whereas	
 ﾠ for	
 ﾠ the	
 ﾠ other	
 ﾠ solutions	
 ﾠit	
 ﾠincreases	
 ﾠone	
 ﾠhour	
 ﾠlater.	
 ﾠThis	
 ﾠreflects	
 ﾠthe	
 ﾠhigher	
 ﾠhydrophilic	
 ﾠ
behavior	
 ﾠ of	
 ﾠ the	
 ﾠ malic	
 ﾠ and	
 ﾠ glutaric	
 ﾠ acids	
 ﾠ compared	
 ﾠ to	
 ﾠ the	
 ﾠ succinic	
 ﾠ and	
 ﾠ adipic	
 ﾠ acids.	
 ﾠ This	
 ﾠ higher	
 ﾠ
hydrophilic	
 ﾠbehavior	
 ﾠof	
 ﾠthese	
 ﾠtwo	
 ﾠWOAs	
 ﾠis,	
 ﾠhowever,	
 ﾠstill	
 ﾠlower	
 ﾠthan	
 ﾠthe	
 ﾠone	
 ﾠof	
 ﾠNaCl	
 ﾠas	
 ﾠobserved	
 ﾠin	
 ﾠthe	
 ﾠ
previous	
 ﾠexperiment.	
 ﾠRemarks	
 ﾠconcerning	
 ﾠthe	
 ﾠcRH	
 ﾠfor	
 ﾠthe	
 ﾠdifferent	
 ﾠWOAs	
 ﾠwill	
 ﾠbe	
 ﾠelaborated	
 ﾠin	
 ﾠthe	
 ﾠ
following	
 ﾠparagraph.	
 ﾠ
The	
 ﾠrow	
 ﾠof	
 ﾠcapacitors	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠmalic	
 ﾠacid	
 ﾠshows	
 ﾠthe	
 ﾠhigher	
 ﾠleakage	
 ﾠcurrent,	
 ﾠat	
 ﾠleast	
 ﾠfor	
 ﾠ
the	
 ﾠfirst	
 ﾠpeak,	
 ﾠwhich	
 ﾠis	
 ﾠaround	
 ﾠone	
 ﾠorder	
 ﾠgreater	
 ﾠthan	
 ﾠthe	
 ﾠother	
 ﾠcases.	
 ﾠAfter	
 ﾠthe	
 ﾠfirst	
 ﾠpeak	
 ﾠthe	
 ﾠbehavior	
 ﾠ
becomes	
 ﾠsimilar	
 ﾠto	
 ﾠthe	
 ﾠother	
 ﾠsolutions	
 ﾠwhich	
 ﾠshow	
 ﾠcomparable	
 ﾠvalues	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠ˷̴10
-ﾭ‐3	
 ﾠmA.	
 ﾠ
As	
 ﾠfor	
 ﾠthe	
 ﾠNaCl	
 ﾠcase	
 ﾠthe	
 ﾠLC	
 ﾠis	
 ﾠnot	
 ﾠhigh	
 ﾠenough	
 ﾠto	
 ﾠbe	
 ﾠcaused	
 ﾠby	
 ﾠelectrochemical	
 ﾠmigration,	
 ﾠtherefore	
 ﾠthe	
 ﾠ
increased	
 ﾠof	
 ﾠits	
 ﾠvalue	
 ﾠit	
 ﾠis	
 ﾠmainly	
 ﾠdue	
 ﾠto	
 ﾠcorrosion	
 ﾠproducts.	
 ﾠ
	
 ﾠ
	
 ﾠ
Compound	
 ﾠ c.RHref,	
 ﾠ%	
 ﾠ c.RHQCM,	
 ﾠ%	
 ﾠ
Adipic	
 ﾠ 99.6	
 ﾠ -ﾭ‐	
 ﾠ
Succinic	
 ﾠ 98	
 ﾠ 92-ﾭ‐96	
 ﾠ
Glutaric	
 ﾠ 84	
 ﾠ 84-ﾭ‐94	
 ﾠ
Malic	
 ﾠ 86	
 ﾠ 75-ﾭ‐82	
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 ﾠ
Figure	
 ﾠ64	
 ﾠLC	
 ﾠcurrent	
 ﾠfrom	
 ﾠcapacitors	
 ﾠrow	
 ﾠpre-ﾭ‐contaminated	
 ﾠwith	
 ﾠdifferent	
 ﾠWOAs	
 ﾠ
Table	
 ﾠ19	
 ﾠsummarizes	
 ﾠthe	
 ﾠapproximate	
 ﾠtemperatures	
 ﾠat	
 ﾠwhich	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠhas	
 ﾠbeen	
 ﾠreached	
 ﾠfor	
 ﾠthe	
 ﾠ
different	
 ﾠsolutions	
 ﾠspread	
 ﾠon	
 ﾠthe	
 ﾠcapacitors,	
 ﾠtogether	
 ﾠwith	
 ﾠthe	
 ﾠcorresponding	
 ﾠvalue	
 ﾠof	
 ﾠcRH	
 ﾠextrapolated	
 ﾠ
from	
 ﾠthe	
 ﾠMollier	
 ﾠdiagram.	
 ﾠ
	
 ﾠ
Table	
 ﾠ19Temperature	
 ﾠand	
 ﾠcorresponding	
 ﾠcRH	
 ﾠvalues	
 ﾠ
	
 ﾠ Adipic	
 ﾠ Glutaric	
 ﾠ Malic	
 ﾠ Succinc	
 ﾠ
Temperature	
 ﾠ(°C)	
 ﾠ 17	
 ﾠ 18	
 ﾠ 18	
 ﾠ 17	
 ﾠ
cRH	
 ﾠ(%)	
 ﾠ ≈98	
 ﾠ ≈95	
 ﾠ ≈95	
 ﾠ ≈98	
 ﾠ
	
 ﾠ
	
 ﾠ
These	
 ﾠvalues	
 ﾠshow,	
 ﾠagain,	
 ﾠthe	
 ﾠhigher	
 ﾠhygroscopic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠsolutions	
 ﾠcompared	
 ﾠ
to	
 ﾠthe	
 ﾠremaining	
 ﾠones.	
 ﾠThese	
 ﾠvalues	
 ﾠare	
 ﾠhigher	
 ﾠthan	
 ﾠthe	
 ﾠones	
 ﾠobtained	
 ﾠboth	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠand	
 ﾠ
the	
 ﾠ one	
 ﾠ listed	
 ﾠ in	
 ﾠ Table	
 ﾠ 18.	
 ﾠ Condensation	
 ﾠ on	
 ﾠ the	
 ﾠ capacitors	
 ﾠ occurs	
 ﾠ first	
 ﾠ on	
 ﾠ the	
 ﾠ tin	
 ﾠ terminals	
 ﾠ and	
 ﾠ
afterwards	
 ﾠon	
 ﾠthe	
 ﾠceramic	
 ﾠbody	
 ﾠof	
 ﾠthe	
 ﾠcomponents.	
 ﾠIt	
 ﾠis	
 ﾠonly	
 ﾠwhen	
 ﾠthe	
 ﾠtwo	
 ﾠterminals	
 ﾠare	
 ﾠbridged	
 ﾠthat	
 ﾠa	
 ﾠ
significant	
 ﾠincrease	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠis	
 ﾠrecorded,	
 ﾠwhich	
 ﾠoccurs	
 ﾠwith	
 ﾠa	
 ﾠcertain	
 ﾠdelayed	
 ﾠfrom	
 ﾠthe	
 ﾠSIR.	
 ﾠThis	
 ﾠdelayed	
 ﾠ
is	
 ﾠfollowed	
 ﾠby	
 ﾠa	
 ﾠdecrease	
 ﾠof	
 ﾠtemperature	
 ﾠand	
 ﾠincrease	
 ﾠof	
 ﾠRH.	
 ﾠThis	
 ﾠmight	
 ﾠexplain	
 ﾠthe	
 ﾠdifferences	
 ﾠin	
 ﾠthe	
 ﾠ
values	
 ﾠobtained	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern.	
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 ﾠ
7.5.3  Comparison	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠfor	
 ﾠvarious	
 ﾠcontaminations	
 ﾠand	
 ﾠcondensing	
 ﾠ
conditions	
 ﾠ
Figure	
 ﾠ65collects	
 ﾠthe	
 ﾠvalues	
 ﾠof	
 ﾠthe	
 ﾠleakage	
 ﾠcurrent	
 ﾠdensity	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠfor	
 ﾠall	
 ﾠthe	
 ﾠequivalent	
 ﾠ
concentrations	
 ﾠ of	
 ﾠ WOAs	
 ﾠ and	
 ﾠ the	
 ﾠ solution	
 ﾠ of	
 ﾠ 1.56	
 ﾠ μg/cm
2	
 ﾠ of	
 ﾠ sodium	
 ﾠ chloride.	
 ﾠ LC	
 ﾠ density	
 ﾠ has	
 ﾠ been	
 ﾠ
calculated	
 ﾠconsidering	
 ﾠthe	
 ﾠratio	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠ(in	
 ﾠmA)	
 ﾠover	
 ﾠthe	
 ﾠsurface	
 ﾠarea	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠ(in	
 ﾠcm
2).	
 ﾠThe	
 ﾠ
values	
 ﾠof	
 ﾠLC	
 ﾠare	
 ﾠrecorded	
 ﾠat	
 ﾠdifferent	
 ﾠhumidity	
 ﾠlevel,	
 ﾠstarting	
 ﾠfrom	
 ﾠthe	
 ﾠinitial	
 ﾠvalue	
 ﾠat	
 ﾠ60	
 ﾠ%RH,	
 ﾠwhere	
 ﾠno	
 ﾠ
cooling	
 ﾠhas	
 ﾠbeen	
 ﾠundertaken,	
 ﾠto	
 ﾠnear	
 ﾠand	
 ﾠfull	
 ﾠcondensation	
 ﾠconditions.	
 ﾠThe	
 ﾠarea	
 ﾠof	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠwas	
 ﾠ
measured	
 ﾠto	
 ﾠbe	
 ﾠ3.5	
 ﾠcm
2.	
 ﾠ
At	
 ﾠ60	
 ﾠ%RH	
 ﾠwhen	
 ﾠthe	
 ﾠdew	
 ﾠpoint	
 ﾠhas	
 ﾠnot	
 ﾠbeen	
 ﾠreached	
 ﾠyet	
 ﾠthe	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠglutaric,	
 ﾠadipic	
 ﾠand	
 ﾠ
succinic	
 ﾠacid	
 ﾠis	
 ﾠquiet	
 ﾠcomparable,	
 ﾠwith	
 ﾠall	
 ﾠthe	
 ﾠsolution	
 ﾠshowing	
 ﾠcurrent	
 ﾠvalues	
 ﾠwithin	
 ﾠthe	
 ﾠsame	
 ﾠorder	
 ﾠof	
 ﾠ
10
.6	
 ﾠmA.	
 ﾠAt	
 ﾠnear	
 ﾠcondensing	
 ﾠcondition	
 ﾠ(approx.	
 ﾠafter	
 ﾠ7/8	
 ﾠhours)	
 ﾠthe	
 ﾠmalic	
 ﾠand	
 ﾠglutaric	
 ﾠsolutions	
 ﾠshow	
 ﾠ
values	
 ﾠof	
 ﾠLC	
 ﾠdensity	
 ﾠapprox.	
 ﾠone	
 ﾠdecade	
 ﾠgreater	
 ﾠthan	
 ﾠthe	
 ﾠsuccinic	
 ﾠand	
 ﾠadipic.	
 ﾠAs	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠ
acid	
 ﾠstart	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture	
 ﾠbefore	
 ﾠthe	
 ﾠremaining	
 ﾠtwo	
 ﾠacids,	
 ﾠdisplaying	
 ﾠa	
 ﾠhigher	
 ﾠcurrent	
 ﾠdensity	
 ﾠby	
 ﾠtime	
 ﾠ
it	
 ﾠwas	
 ﾠrecorded	
 ﾠAt	
 ﾠfull	
 ﾠcondensation	
 ﾠcondition	
 ﾠall	
 ﾠthe	
 ﾠsolution	
 ﾠtend	
 ﾠto	
 ﾠget	
 ﾠclose	
 ﾠto	
 ﾠthe	
 ﾠsame	
 ﾠLC	
 ﾠvalue	
 ﾠ
≈10
0	
 ﾠmA.	
 ﾠThis	
 ﾠis	
 ﾠin	
 ﾠaccord	
 ﾠto	
 ﾠthe	
 ﾠresults	
 ﾠfrom	
 ﾠthe	
 ﾠeffect	
 ﾠof	
 ﾠincreasing	
 ﾠhumidity	
 ﾠobtained	
 ﾠin	
 ﾠChapter	
 ﾠX,	
 ﾠ
where	
 ﾠthe	
 ﾠequivalent	
 ﾠsolution	
 ﾠhad	
 ﾠcomparable	
 ﾠvalue	
 ﾠof	
 ﾠleakage	
 ﾠcurrent	
 ﾠat	
 ﾠdifferent	
 ﾠhumidity	
 ﾠlevels	
 ﾠ
NaCl	
 ﾠcontamination,	
 ﾠalthough	
 ﾠat	
 ﾠequivalent	
 ﾠconcentration	
 ﾠand	
 ﾠstrong	
 ﾠelectrolyte	
 ﾠshows	
 ﾠlower	
 ﾠcurrent	
 ﾠ
than	
 ﾠthe	
 ﾠWOAs	
 ﾠvalues	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠlower	
 ﾠpotential	
 ﾠbias	
 ﾠused	
 ﾠie,	
 ﾠ5	
 ﾠV.	
 ﾠIf	
 ﾠthe	
 ﾠpotential	
 ﾠbias	
 ﾠis	
 ﾠhigher	
 ﾠ(ie.	
 ﾠ10	
 ﾠ
V),	
 ﾠa	
 ﾠcurrent	
 ﾠlevel	
 ﾠhigher	
 ﾠthan	
 ﾠWOAs	
 ﾠis	
 ﾠexpected	
 ﾠfor	
 ﾠNaCl.	
 ﾠ	
 ﾠ
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Figure	
 ﾠ65	
 ﾠLC	
 ﾠvalues	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠat	
 ﾠdifferent	
 ﾠcondensation	
 ﾠlevels	
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 ﾠ
7.5.4  Possible	
 ﾠimplication	
 ﾠin	
 ﾠPCBA	
 ﾠmanufacturing	
 ﾠ
Due	
 ﾠto	
 ﾠthe	
 ﾠhigher	
 ﾠhydrophilic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠwhich	
 ﾠstart	
 ﾠto	
 ﾠabsorb	
 ﾠhumidity	
 ﾠat	
 ﾠ
lower	
 ﾠRH	
 ﾠvalue,	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠadipic	
 ﾠand	
 ﾠsuccinic	
 ﾠacids,	
 ﾠtheir	
 ﾠpresence	
 ﾠas	
 ﾠactivators	
 ﾠin	
 ﾠsolder	
 ﾠfluxes	
 ﾠ
may	
 ﾠ have	
 ﾠ a	
 ﾠ more	
 ﾠ negative	
 ﾠ effect	
 ﾠ on	
 ﾠ the	
 ﾠ climatic	
 ﾠ reliability	
 ﾠ of	
 ﾠ the	
 ﾠ PCBAs.	
 ﾠ The	
 ﾠ conductivity	
 ﾠ of	
 ﾠ the	
 ﾠ
condensed	
 ﾠlayer	
 ﾠmay,	
 ﾠindeed,	
 ﾠincrease	
 ﾠthe	
 ﾠleakage	
 ﾠcurrents	
 ﾠand	
 ﾠpromote	
 ﾠelectrochemical	
 ﾠmigration.	
 ﾠ
7.5.5  Conclusions	
 ﾠ
From	
 ﾠthe	
 ﾠprevious	
 ﾠresults	
 ﾠis	
 ﾠpossible	
 ﾠto	
 ﾠsummarize	
 ﾠthe	
 ﾠfollowing	
 ﾠconclusion:	
 ﾠ
•  NaCl	
 ﾠhas	
 ﾠbeen	
 ﾠtested	
 ﾠunder	
 ﾠa	
 ﾠpotential	
 ﾠof	
 ﾠ5	
 ﾠV	
 ﾠand	
 ﾠthe	
 ﾠcurrent	
 ﾠleaking	
 ﾠfrom	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠstarts	
 ﾠ
to	
 ﾠincrease	
 ﾠafter	
 ﾠaround	
 ﾠ6-ﾭ‐7	
 ﾠhours	
 ﾠwhen	
 ﾠthe	
 ﾠtemperature	
 ﾠof	
 ﾠthe	
 ﾠPCB	
 ﾠis	
 ﾠaround	
 ﾠ21	
 ﾠ°C	
 ﾠ
•  NaCl	
 ﾠ reduces	
 ﾠ by	
 ﾠ 4	
 ﾠ degrees	
 ﾠ the	
 ﾠ under	
 ﾠ cooling	
 ﾠ necessary	
 ﾠ to	
 ﾠ reach	
 ﾠ the	
 ﾠ dew	
 ﾠ point	
 ﾠ for	
 ﾠ the	
 ﾠ
experimental	
 ﾠconditions.Its	
 ﾠcritical	
 ﾠRH	
 ﾠwas	
 ﾠrecorded	
 ﾠto	
 ﾠbe	
 ﾠ≈	
 ﾠ75	
 ﾠ%	
 ﾠRH,	
 ﾠin	
 ﾠaccord	
 ﾠwith	
 ﾠliterature	
 ﾠ
and	
 ﾠprevious	
 ﾠexperimental	
 ﾠresults	
 ﾠ
•  The	
 ﾠmagnitude	
 ﾠof	
 ﾠthe	
 ﾠLC	
 ﾠrecorded	
 ﾠfrom	
 ﾠthe	
 ﾠcapacitors	
 ﾠcontaminated	
 ﾠwith	
 ﾠNaCl	
 ﾠis	
 ﾠapprox.	
 ﾠtwo	
 ﾠ
orders	
 ﾠlower	
 ﾠthan	
 ﾠthe	
 ﾠone	
 ﾠrecorded	
 ﾠfor	
 ﾠthe	
 ﾠSIR	
 ﾠpattern.	
 ﾠIn	
 ﾠaddition	
 ﾠto	
 ﾠthis	
 ﾠit	
 ﾠis	
 ﾠdelayed	
 ﾠof	
 ﾠ
approx.	
 ﾠone	
 ﾠhour	
 ﾠ
•  	
 ﾠThe	
 ﾠWOA	
 ﾠresidues	
 ﾠhave	
 ﾠbeen	
 ﾠtested	
 ﾠunder	
 ﾠa	
 ﾠ10	
 ﾠV	
 ﾠbias.	
 ﾠThe	
 ﾠhigher	
 ﾠhygroscopic	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠ
glutaric	
 ﾠand	
 ﾠmalic	
 ﾠacids	
 ﾠis	
 ﾠreflected	
 ﾠin	
 ﾠthe	
 ﾠLC	
 ﾠrise	
 ﾠwhich	
 ﾠtakes	
 ﾠplace	
 ﾠbefore	
 ﾠthe	
 ﾠother	
 ﾠtwo	
 ﾠacids	
 ﾠat	
 ﾠ
RH	
 ﾠvalues	
 ﾠ≈	
 ﾠ90%.	
 ﾠThe	
 ﾠsuccinic	
 ﾠand	
 ﾠadipic	
 ﾠresidues	
 ﾠstart	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture	
 ﾠ≈	
 ﾠ95	
 ﾠ%.	
 ﾠThis	
 ﾠcritical	
 ﾠ
RH	
 ﾠvalues	
 ﾠmatch	
 ﾠthe	
 ﾠones	
 ﾠfound	
 ﾠin	
 ﾠliterature	
 ﾠand	
 ﾠthrough	
 ﾠprevious	
 ﾠexperimental	
 ﾠresults	
 ﾠ
•  The	
 ﾠhygroscopic	
 ﾠproperties,	
 ﾠlike	
 ﾠthe	
 ﾠsolubility	
 ﾠin	
 ﾠwater,	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠWOAs	
 ﾠmight	
 ﾠexplain	
 ﾠ
the	
 ﾠdifferent	
 ﾠbehaviors	
 ﾠof	
 ﾠthe	
 ﾠacids	
 ﾠtowards	
 ﾠrelative	
 ﾠhumidity.	
 ﾠ
•  No	
 ﾠmigration	
 ﾠhas	
 ﾠbeen	
 ﾠrecorded	
 ﾠfor	
 ﾠthe	
 ﾠcapacitors	
 ﾠcontaminated	
 ﾠwith	
 ﾠWOA	
 ﾠ	
 ﾠand	
 ﾠNaCl	
 ﾠresidues	
 ﾠ
	
 ﾠ
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 ﾠ
1.  The	
 ﾠcorrosion	
 ﾠrate	
 ﾠof	
 ﾠthe	
 ﾠWOA-ﾭ‐metal	
 ﾠsystem	
 ﾠincreases	
 ﾠwith	
 ﾠincreasing	
 ﾠconcentration.	
 ﾠDifferent	
 ﾠ
behaviors	
 ﾠ are	
 ﾠ recorded	
 ﾠ regarding	
 ﾠ the	
 ﾠ type	
 ﾠ of	
 ﾠ acid	
 ﾠ employed.	
 ﾠ Malic-ﾭ‐Snsystem	
 ﾠ showed	
 ﾠ the	
 ﾠ
highest	
 ﾠcorrosion	
 ﾠrate	
 ﾠ(6.95e
-ﾭ‐2	
 ﾠmA/cm
2)	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2,	
 ﾠfollowed	
 ﾠby	
 ﾠsuccinic-ﾭ‐Sn	
 ﾠ(2.88e
-ﾭ‐2	
 ﾠmA/cm
2)	
 ﾠ
and	
 ﾠglutaric-ﾭ‐Sn	
 ﾠsystems	
 ﾠ(2.71e
-ﾭ‐2	
 ﾠmA/cm
2).	
 ﾠPhysical	
 ﾠand	
 ﾠchemical	
 ﾠproperties	
 ﾠlike	
 ﾠthe	
 ﾠlow	
 ﾠpKa	
 ﾠ
value	
 ﾠ(3.4)	
 ﾠ	
 ﾠand	
 ﾠthe	
 ﾠpresence	
 ﾠof	
 ﾠan	
 ﾠadditional	
 ﾠhydroxyl	
 ﾠ(-ﾭ‐OH)	
 ﾠgroup	
 ﾠin	
 ﾠthe	
 ﾠstructure	
 ﾠof	
 ﾠthe	
 ﾠmalic	
 ﾠ
acid,	
 ﾠmight	
 ﾠexplain	
 ﾠits	
 ﾠhigher	
 ﾠaggressiveness	
 ﾠcompared	
 ﾠto	
 ﾠthe	
 ﾠother	
 ﾠWOAs	
 ﾠ
2.  WOAs	
 ﾠare	
 ﾠweak	
 ﾠelectrolyte	
 ﾠand	
 ﾠonly	
 ﾠpartially	
 ﾠdissociate	
 ﾠin	
 ﾠwater,	
 ﾠthus	
 ﾠthe	
 ﾠconductivity	
 ﾠwill	
 ﾠnot	
 ﾠ
be	
 ﾠlinearly	
 ﾠproportional	
 ﾠto	
 ﾠthe	
 ﾠconcentration,	
 ﾠas	
 ﾠseen	
 ﾠfor	
 ﾠstrong	
 ﾠelectrolyte.	
 ﾠThe	
 ﾠaggressiveness	
 ﾠ
of	
 ﾠthe	
 ﾠmalic	
 ﾠsolution	
 ﾠfinds	
 ﾠits	
 ﾠexplanation	
 ﾠin	
 ﾠthe	
 ﾠlowest	
 ﾠpKa	
 ﾠvalue	
 ﾠ(3.4),	
 ﾠwhile	
 ﾠthe	
 ﾠother	
 ﾠsolutions	
 ﾠ
have	
 ﾠcomparable	
 ﾠvalue	
 ﾠof	
 ﾠpKa	
 ﾠ(4.2	
 ﾠfor	
 ﾠsuccinic	
 ﾠacid	
 ﾠand	
 ﾠ4.4	
 ﾠfor	
 ﾠglutaric	
 ﾠand	
 ﾠadipic	
 ﾠacid)	
 ﾠ
3.  Large	
 ﾠdifferences	
 ﾠin	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentrations	
 ﾠwere	
 ﾠobserved	
 ﾠdepending	
 ﾠwhether	
 ﾠthe	
 ﾠvalues	
 ﾠ
were	
 ﾠmeasured	
 ﾠusing	
 ﾠthe	
 ﾠconductivity	
 ﾠmeter	
 ﾠ(AC)	
 ﾠor	
 ﾠthe	
 ﾠLRDT	
 ﾠsetup	
 ﾠ(DC).	
 ﾠDC	
 ﾠmeasurements	
 ﾠ
showed	
 ﾠmuch	
 ﾠhigher	
 ﾠresults	
 ﾠof	
 ﾠequivalent	
 ﾠconcentration,	
 ﾠdue	
 ﾠto	
 ﾠthe	
 ﾠhigher	
 ﾠsensitiveness	
 ﾠof	
 ﾠthe	
 ﾠ
investigated	
 ﾠsolution	
 ﾠto	
 ﾠthe	
 ﾠdirect	
 ﾠcurrent	
 ﾠ
4.  Approximately	
 ﾠ0.07	
 ﾠg/l	
 ﾠof	
 ﾠadipic	
 ﾠacid,	
 ﾠ0.06	
 ﾠg/l	
 ﾠof	
 ﾠglutaric	
 ﾠacid,	
 ﾠ0.03	
 ﾠg/l	
 ﾠof	
 ﾠmalic	
 ﾠacid	
 ﾠand	
 ﾠ0.02	
 ﾠg/l	
 ﾠ
of	
 ﾠsuccinc	
 ﾠacid	
 ﾠgive	
 ﾠthe	
 ﾠsame	
 ﾠconductivity	
 ﾠvalues	
 ﾠas	
 ﾠ0.0156	
 ﾠg/l	
 ﾠof	
 ﾠNaCl.	
 ﾠThis	
 ﾠvalue	
 ﾠis	
 ﾠequivalent	
 ﾠ
to	
 ﾠ1.56μg/cm
2	
 ﾠreferred	
 ﾠin	
 ﾠIPC	
 ﾠJ-ﾭ‐STD-ﾭ‐001D	
 ﾠstandard	
 ﾠif	
 ﾠthe	
 ﾠassumption	
 ﾠthat	
 ﾠarea	
 ﾠof	
 ﾠ1	
 ﾠmm
2	
 ﾠis	
 ﾠ
covered	
 ﾠby	
 ﾠ1μl	
 ﾠof	
 ﾠsolution	
 ﾠis	
 ﾠfulfilled.	
 ﾠIn	
 ﾠorder	
 ﾠto	
 ﾠachieve	
 ﾠthe	
 ﾠequivalent	
 ﾠconductivity	
 ﾠof	
 ﾠ1.56	
 ﾠ
μg/cm
2NaCl,	
 ﾠhigher	
 ﾠconcentrations	
 ﾠof	
 ﾠWOAs	
 ﾠare	
 ﾠnecessary.	
 ﾠThis	
 ﾠis	
 ﾠcaused	
 ﾠby	
 ﾠdissociation	
 ﾠrates	
 ﾠ
of	
 ﾠelectrolytes.	
 ﾠNaCl	
 ﾠis	
 ﾠa	
 ﾠstrong	
 ﾠelectrolyte	
 ﾠand	
 ﾠthe	
 ﾠconductivity	
 ﾠdependence	
 ﾠon	
 ﾠconcentration	
 ﾠis	
 ﾠ
linear,	
 ﾠwhereas	
 ﾠWOAs	
 ﾠshow	
 ﾠnon-ﾭ‐linear	
 ﾠconductivity	
 ﾠdependency	
 ﾠon	
 ﾠconcentration.	
 ﾠ
5.  Succinic	
 ﾠacid	
 ﾠat	
 ﾠ10	
 ﾠμg/cm
2	
 ﾠshowed	
 ﾠthe	
 ﾠhighest	
 ﾠpropensity	
 ﾠof	
 ﾠECM	
 ﾠ(≈	
 ﾠ72%)	
 ﾠwithin	
 ﾠthe	
 ﾠWOAs.	
 ﾠ
Succinic	
 ﾠacid	
 ﾠseems	
 ﾠto	
 ﾠassist	
 ﾠdeposition	
 ﾠand	
 ﾠdendrite	
 ﾠformation,	
 ﾠwhile	
 ﾠmalic	
 ﾠacid,	
 ﾠdue	
 ﾠto	
 ﾠits	
 ﾠlow	
 ﾠ
pKa	
 ﾠvalue	
 ﾠseems	
 ﾠto	
 ﾠinhibit	
 ﾠthe	
 ﾠdissolution	
 ﾠof	
 ﾠmetal	
 ﾠions,	
 ﾠreducing	
 ﾠthe	
 ﾠprobability	
 ﾠof	
 ﾠECM.	
 ﾠAdipic	
 ﾠ
acid	
 ﾠdid	
 ﾠnot	
 ﾠinduce	
 ﾠany	
 ﾠmigration	
 ﾠdue	
 ﾠto	
 ﾠits	
 ﾠlow	
 ﾠaggressiveness.	
 ﾠ
6.  Residues	
 ﾠfrom	
 ﾠSolder	
 ﾠFlux	
 ﾠ327	
 ﾠat	
 ﾠ100	
 ﾠμg/cm
2	
 ﾠshowed	
 ﾠthe	
 ﾠhighest	
 ﾠpropensity	
 ﾠof	
 ﾠECM	
 ﾠ(≈	
 ﾠ77	
 ﾠ%)	
 ﾠ
within	
 ﾠthe	
 ﾠSolder	
 ﾠFlux	
 ﾠsystems.	
 ﾠOverall	
 ﾠresults	
 ﾠindicates	
 ﾠthat	
 ﾠthe	
 ﾠtendency	
 ﾠto	
 ﾠinduce	
 ﾠECM	
 ﾠ	
 ﾠis	
 ﾠa	
 ﾠ
mixture	
 ﾠof	
 ﾠhigh	
 ﾠacid	
 ﾠcontent	
 ﾠand	
 ﾠacid	
 ﾠtype	
 ﾠsimilar	
 ﾠfor	
 ﾠthe	
 ﾠfour	
 ﾠWOAs	
 ﾠtested.	
 ﾠA	
 ﾠflux	
 ﾠsystem	
 ﾠwith	
 ﾠ
succinic	
 ﾠacid	
 ﾠin	
 ﾠgeneral	
 ﾠhas	
 ﾠthe	
 ﾠcapability	
 ﾠto	
 ﾠshow	
 ﾠhigher	
 ﾠECM	
 ﾠlevels,	
 ﾠwhereas	
 ﾠadipic	
 ﾠshows	
 ﾠ
least.	
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7.  The	
 ﾠincrease	
 ﾠof	
 ﾠLC	
 ﾠover	
 ﾠthe	
 ﾠSIR	
 ﾠpattern	
 ﾠwith	
 ﾠincrease	
 ﾠof	
 ﾠWOA	
 ﾠconcentration	
 ﾠhas	
 ﾠbeen	
 ﾠobserved.	
 ﾠ
Glutaric	
 ﾠand	
 ﾠMalic	
 ﾠshowed	
 ﾠECM	
 ﾠwhen	
 ﾠthe	
 ﾠequivalent	
 ﾠconcentration	
 ﾠhas	
 ﾠbeen	
 ﾠdoubled.	
 ﾠNo	
 ﾠECM	
 ﾠ
was	
 ﾠrecorded	
 ﾠfor	
 ﾠthe	
 ﾠadipic	
 ﾠacid	
 ﾠat	
 ﾠany	
 ﾠconcentration	
 ﾠ
8.  Presence	
 ﾠ of	
 ﾠ NaCl	
 ﾠ reduces	
 ﾠ the	
 ﾠ critical	
 ﾠ RH	
 ﾠ for	
 ﾠ water	
 ﾠ layer	
 ﾠ formation	
 ﾠ and	
 ﾠ increases	
 ﾠ LC.	
 ﾠ NaCl	
 ﾠ
reduces	
 ﾠthe	
 ﾠcritical	
 ﾠrelative	
 ﾠhumidity	
 ﾠdown	
 ﾠto	
 ﾠ≈	
 ﾠ75%	
 ﾠ
9.  The	
 ﾠhigher	
 ﾠhygroscopic	
 ﾠproperties	
 ﾠof	
 ﾠthe	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠreduce	
 ﾠthe	
 ﾠcritical	
 ﾠRH	
 ﾠfor	
 ﾠwater	
 ﾠ
layer	
 ﾠformation	
 ﾠdown	
 ﾠto	
 ﾠ≈	
 ﾠ90	
 ﾠ%	
 ﾠRH.	
 ﾠSuccinic	
 ﾠand	
 ﾠadipic	
 ﾠacid	
 ﾠstart	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture	
 ﾠat	
 ﾠa	
 ﾠhigher	
 ﾠ
RH	
 ﾠ≈	
 ﾠ95	
 ﾠ%.	
 ﾠGlutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠmight	
 ﾠincrease	
 ﾠthe	
 ﾠconcentration	
 ﾠof	
 ﾠwater	
 ﾠon	
 ﾠthe	
 ﾠsurface,	
 ﾠ
rendering	
 ﾠit	
 ﾠmore	
 ﾠconductive	
 ﾠsince	
 ﾠthere	
 ﾠis	
 ﾠa	
 ﾠsolution	
 ﾠof	
 ﾠionisable	
 ﾠmaterial	
 ﾠpresent.	
 ﾠThis	
 ﾠleads	
 ﾠto	
 ﾠ
higher	
 ﾠLC	
 ﾠand	
 ﾠgreater	
 ﾠpropensity	
 ﾠfor	
 ﾠdendritic	
 ﾠgrowth.	
 ﾠThe	
 ﾠhigher	
 ﾠleakage	
 ﾠcurrent	
 ﾠwith	
 ﾠmalic	
 ﾠ
acid	
 ﾠcompared	
 ﾠwith	
 ﾠglutaric	
 ﾠacid,	
 ﾠmay	
 ﾠrise	
 ﾠfrom	
 ﾠthe	
 ﾠgreater	
 ﾠacidity	
 ﾠof	
 ﾠmalic	
 ﾠacid	
 ﾠ
10. The	
 ﾠbehavior	
 ﾠof	
 ﾠthe	
 ﾠinvestigated	
 ﾠWOAs	
 ﾠis	
 ﾠstrongly	
 ﾠinfluenced	
 ﾠby	
 ﾠthe	
 ﾠcondensing	
 ﾠconditions	
 ﾠin	
 ﾠ
which	
 ﾠthey	
 ﾠare	
 ﾠinvestigated.	
 ﾠAt	
 ﾠfull	
 ﾠcondensing	
 ﾠcondition	
 ﾠ(when	
 ﾠthey	
 ﾠare	
 ﾠapplied	
 ﾠin	
 ﾠform	
 ﾠof	
 ﾠa	
 ﾠ
droplet	
 ﾠor	
 ﾠthe	
 ﾠwater	
 ﾠlayer	
 ﾠhas	
 ﾠalready	
 ﾠbeen	
 ﾠformed)	
 ﾠthe	
 ﾠacidity,	
 ﾠgiven	
 ﾠby	
 ﾠthe	
 ﾠpKa	
 ﾠ value,	
 ﾠis	
 ﾠ
determinant.	
 ﾠThe	
 ﾠhigher	
 ﾠthe	
 ﾠacidity	
 ﾠthe	
 ﾠmore	
 ﾠaggressive	
 ﾠthe	
 ﾠacid	
 ﾠis.	
 ﾠTherefore	
 ﾠthe	
 ﾠmalic	
 ﾠand	
 ﾠthe	
 ﾠ
succinic	
 ﾠacid	
 ﾠare	
 ﾠthe	
 ﾠmost	
 ﾠhazardous	
 ﾠin	
 ﾠthese	
 ﾠconditions.	
 ﾠWhen	
 ﾠthe	
 ﾠacids	
 ﾠare	
 ﾠpresent	
 ﾠas	
 ﾠsolid	
 ﾠ
residues	
 ﾠit	
 ﾠis	
 ﾠtheir	
 ﾠhygroscopic	
 ﾠproperties,	
 ﾠlike	
 ﾠthe	
 ﾠsolubility	
 ﾠin	
 ﾠwater,	
 ﾠwhich	
 ﾠplay	
 ﾠthe	
 ﾠmain	
 ﾠeffect.	
 ﾠ
The	
 ﾠability	
 ﾠof	
 ﾠglutaric	
 ﾠand	
 ﾠmalic	
 ﾠacid	
 ﾠto	
 ﾠabsorb	
 ﾠmoisture	
 ﾠat	
 ﾠlower	
 ﾠRH	
 ﾠmakesthem	
 ﾠdangerous	
 ﾠfor	
 ﾠ
the	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠproducts	
 ﾠ
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9  Future	
 ﾠperspectives	
 ﾠ
The	
 ﾠsubject	
 ﾠof	
 ﾠclimatic	
 ﾠreliability	
 ﾠof	
 ﾠelectronic	
 ﾠdevices	
 ﾠis	
 ﾠa	
 ﾠbroad	
 ﾠand	
 ﾠhighly	
 ﾠcomplex	
 ﾠresearch	
 ﾠfield.	
 ﾠDue	
 ﾠ
to	
 ﾠ the	
 ﾠ multidisciplinary	
 ﾠ knowledge	
 ﾠ it	
 ﾠ involves,	
 ﾠ the	
 ﾠ full	
 ﾠ overview	
 ﾠ and	
 ﾠ understanding	
 ﾠ of	
 ﾠ the	
 ﾠ related	
 ﾠ
problems	
 ﾠis	
 ﾠvery	
 ﾠhard	
 ﾠto	
 ﾠgain.	
 ﾠThe	
 ﾠaim	
 ﾠof	
 ﾠthis	
 ﾠproject	
 ﾠis	
 ﾠto	
 ﾠunderstand	
 ﾠwhich	
 ﾠof	
 ﾠthe	
 ﾠfour	
 ﾠWOAs,	
 ﾠwhich	
 ﾠ
are	
 ﾠpresent	
 ﾠas	
 ﾠactivators	
 ﾠin	
 ﾠSolder	
 ﾠFlux	
 ﾠSystems,	
 ﾠare	
 ﾠsignificantly	
 ﾠhazardous	
 ﾠfor	
 ﾠthe	
 ﾠreliability	
 ﾠof	
 ﾠPCBAs.	
 ﾠ
This	
 ﾠhas	
 ﾠbeen	
 ﾠdone	
 ﾠfrom	
 ﾠa	
 ﾠspecific	
 ﾠpoint	
 ﾠof	
 ﾠview,	
 ﾠwhich	
 ﾠfocuses	
 ﾠonly	
 ﾠon	
 ﾠthe	
 ﾠresidues	
 ﾠof	
 ﾠsolder	
 ﾠfluxes	
 ﾠand	
 ﾠ
WOAs.	
 ﾠ
Future	
 ﾠresearch	
 ﾠtopics	
 ﾠthat	
 ﾠcame	
 ﾠout	
 ﾠfrom	
 ﾠthe	
 ﾠpresent	
 ﾠstudy	
 ﾠand	
 ﾠthat	
 ﾠwould	
 ﾠgive	
 ﾠa	
 ﾠbroader	
 ﾠknowledge	
 ﾠ
on	
 ﾠthe	
 ﾠprocess	
 ﾠare	
 ﾠlisted	
 ﾠbelow:	
 ﾠ
1.  Study	
 ﾠ of	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ the	
 ﾠ WOAs	
 ﾠ as	
 ﾠ activators	
 ﾠ in	
 ﾠ Solder	
 ﾠ Flux	
 ﾠ Systems:	
 ﾠ understanding	
 ﾠ their	
 ﾠ
influence	
 ﾠ on	
 ﾠ the	
 ﾠ quality	
 ﾠ of	
 ﾠ the	
 ﾠ solder	
 ﾠ in	
 ﾠ terms	
 ﾠ of	
 ﾠ mechanical,	
 ﾠ metallurgical,	
 ﾠ physical	
 ﾠ and	
 ﾠ
chemical	
 ﾠproperties	
 ﾠ
2.  Comparison	
 ﾠ between	
 ﾠ the	
 ﾠ quality	
 ﾠ of	
 ﾠ the	
 ﾠ solder	
 ﾠ and	
 ﾠ the	
 ﾠ effect	
 ﾠ of	
 ﾠ the	
 ﾠ WOA	
 ﾠ and	
 ﾠ solder	
 ﾠ flux	
 ﾠ
residues	
 ﾠobtained	
 ﾠin	
 ﾠthis	
 ﾠproject	
 ﾠ
3.  Investigation	
 ﾠon	
 ﾠlong-ﾭ‐term	
 ﾠpractical	
 ﾠfield	
 ﾠapplications	
 ﾠ
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 ﾠ
Component	
 ﾠ Design	
 ﾠ Materials	
 ﾠ
Printed	
 ﾠCircuit	
 ﾠBoard	
 ﾠ Metallic	
 ﾠconductor	
 ﾠseparated	
 ﾠby	
 ﾠ
insulating	
 ﾠmaterials	
 ﾠ
Copper,	
 ﾠcopper	
 ﾠalloys,	
 ﾠepoxy	
 ﾠresins,	
 ﾠ
ceramics,	
 ﾠwoven	
 ﾠglass	
 ﾠfiber,	
 ﾠsolder,	
 ﾠtin,	
 ﾠ
lead	
 ﾠ
Contacts	
 ﾠ Electrical	
 ﾠcontacts	
 ﾠmaintained	
 ﾠby	
 ﾠ
mechanical	
 ﾠforces	
 ﾠ
Base	
 ﾠMetal	
 ﾠ-ﾭ‐	
 ﾠcopper,	
 ﾠstainless	
 ﾠsteels	
 ﾠ
Contact	
 ﾠSurface	
 ﾠ–	
 ﾠgold,	
 ﾠpalladium,	
 ﾠsilver,	
 ﾠ
tin	
 ﾠ
Connectors	
 ﾠ Electrical	
 ﾠconnections	
 ﾠbetween	
 ﾠsystems	
 ﾠ
or	
 ﾠboards	
 ﾠ
Spring	
 ﾠMaterial	
 ﾠ–	
 ﾠberyllium,	
 ﾠcopper,	
 ﾠ
stainless	
 ﾠsteels	
 ﾠ
Contact	
 ﾠSurface	
 ﾠ–	
 ﾠContact	
 ﾠSurface	
 ﾠ–	
 ﾠ
gold,	
 ﾠpalladium,	
 ﾠsilver,	
 ﾠtin	
 ﾠ
Switches	
 ﾠand	
 ﾠRelays	
 ﾠ Cyclic	
 ﾠelectrical	
 ﾠconnection	
 ﾠ Copper	
 ﾠalloys,	
 ﾠsteels,	
 ﾠstainless	
 ﾠsteels	
 ﾠ
Grounding	
 ﾠcontacts	
 ﾠ For	
 ﾠshielding	
 ﾠ Copper,	
 ﾠsteels,	
 ﾠaluminum,	
 ﾠnickel,	
 ﾠtin,	
 ﾠ
tin-ﾭ‐lead	
 ﾠ
Thermal	
 ﾠcontacts	
 ﾠ
Integrated	
 ﾠcircuits	
 ﾠ
Heat	
 ﾠsinks	
 ﾠSmall	
 ﾠdimension	
 ﾠ
Complex	
 ﾠsystems	
 ﾠ
Gold,	
 ﾠsilver,	
 ﾠaluminum,	
 ﾠKovar,	
 ﾠSolder,	
 ﾠ
Glass,	
 ﾠsilicon,	
 ﾠtungsten	
 ﾠ
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Ch	
 ﾠ Terminal	
 ﾠ Dimensions	
 ﾠ
(mm)	
 ﾠ
Resistance	
 ﾠ
(Ω)	
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Power	
 ﾠ
rating	
 ﾠ
(W)	
 ﾠ
Ch	
 ﾠ Terminal	
 ﾠ Dimensions	
 ﾠ
(mm)	
 ﾠ
Capacitance	
 ﾠ
(F)	
 ﾠ
1	
 ﾠ
2	
 ﾠ
3	
 ﾠ
0402	
 ﾠ 1.0x0.5	
 ﾠ
1k	
 ﾠ
10k	
 ﾠ
100k	
 ﾠ
0.063	
 ﾠ
0.063	
 ﾠ
0.0625	
 ﾠ
11	
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 ﾠ 1.0x0.5	
 ﾠ
1000p	
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 ﾠ
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4	
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0.1M	
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 ﾠ
100n	
 ﾠ
10	
 ﾠ
SIR	
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